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Abstract
A previous investigation, discovered a new technique to surface ma-
chine lithium niobate crystals, named as ‘Etching During the In-
diffusion of Titanium’ (EDIT). In this technique, it was demonstrated
that, when an unprocessed ‘top’ lithium niobate wafer, is placed on
top of a ‘bottom’ Ti patterned lithium niobate wafer and annealed in
a wet oxygen atmosphere, the ‘top’ wafer is etched corresponding to
the Ti pattern on the ‘bottom’ wafer. The resulting etched surfaces
were found to be very smooth in nature. Furthermore, the bulk mate-
rial properties are maintained under the etched region, with no trace
of impurities. However, unexpectedly, it was observed that trenches
fabricated by this technique appeared to support optical waveguiding.
This thesis investigates the optical waveguiding effect observed under
EDIT etched trenches.
It is demonstrated that the region under an EDIT etched trench is
indeed an optical waveguide and supports optical modes. The mode
behaviour depends on the trench depth and polarisation of the light
coupled into the waveguiding region. Evidence suggests that the op-
tical waveguiding is due to a stress induced refractive index change,
under an EDIT etched trench.
Single mode waveguides at 633 nm wavelength are demonstrated on
x, y and z -cut congruent lithium niobate and z -cut 5 mol% Mg-doped
congruent lithium niobate. It is shown that in the EDIT technique,
when the ‘bottom’ wafer is maintained constant as x -cut congruent
lithium niobate, a consistent etch depth is obtained irrespective of
the crystal orientation of the lithium niobate ‘top’ wafer. However,
in the case of stoichiometric lithium niobate a significant reduction in
the etch depth is observed, indicating that vacant lithium sites in the
crystal lattice are of significance during the EDIT process.
Evidence suggests that the observed waveguiding under EDIT etched
trenches occurs due to a combination of a topography change and sur-
face tension reshaping. This is evidenced by the observation of optical
waveguiding under trenches produced using hydrofluoric acid etching
and reshaping such trenches, by annealing them in the same envi-
ronmental conditions of the EDIT process. When a lithium niobate
crystal is annealed, the surface reshapes and smoothens to minimise
surface energy. When cooled to room temperature, the smoothened
surface is not in equilibrium with the underlying substrate. To obtain
an energetically favourable condition there is induced stress between
the reformed surface and the underlying substrate, thereby, causing
an increase in the refractive index via the photo-elastic effect.
The EDIT technique is used to fabricate single mode optical waveg-
uides at 1550 nm wavelength in z -cut 5 mol% Mg-doped congruent
lithium niobate. Furthermore, the electric field poling technique is
applied to EDIT processed crystals to fabricate periodically domain
inverted structures on EDIT etched trenches, which offers great po-
tential for applications in nonlinear integrated optics.
In summary, the region under the EDIT etched trench is an optical
waveguide. It is proposed that the physical mechanism behind the
formation of EDIT waveguides is a combination of change in surface
topography and surface tension reshaping. The resulting waveguides
are impurity free and maintain the bulk material properties. Such
waveguides show promise for the development of nonlinear integrated
optical devices.
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Introduction
The invention of the laser in the 1960’s [1] sparked interest into the research field
defined by the science of light or photon manipulation known as photonics. This
involved investigations into the use of light as medium for long distance com-
munications and signal processing. Owing to the possibilities of almost limitless
bandwidth, a significant amount of research was devoted to the development of
a transmission medium for light over long distances. The seminal work of Kao
et al. [2] led to advancement of silica based optical fibers, which have become
ubiquitous in long haul communications and are slowly replacing copper as the
de-facto wired communication medium. Additionally, optical signal processing
lags well behind their electronic counter parts, which are still employed to handle
high capacity processing, routing and management of data. This requires the
conversion of optical to electronic signals and further reconversion of electronic
to optical signals, which creates a significant bottleneck in the overall capacity
of the network. With the current explosive growth in data traffic, it is evident
that in order to meet the requirements of the next generation of communication
networks, all optical signal processing techniques need to be incorporated.
At present, photonic functions such as amplification, filtering, wavelength
conversion among others, are realised through discrete optical components. The
implementation of optical signal processing systems using discrete components
is an unattractive solution as it incurs added complexity and cost. The current
trends are towards the integration of all functions onto a single substrate. This
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was first proposed by S.E. Miller at Bell Labs who coined the term integrated
optics, analogous to integrated circuits for electronics [3]. Of the multitude of
optical materials available, Lithium Niobate (LiNbO3) has proven to be an at-
tractive prospect for the realisation all optical signal processing on a chip [4].
1.1 Lithium Niobate (LiNbO3) crystals
LiNbO3 is an artificially synthesised crystal whose structure was initially studied
by Zachariasen in 1928 [5]. It’s ferroelectric nature was later discovered at Bell
Labs in 1949 [6]. Further investigations demonstrated it as a highly promising
material especially for optical applications [7, 8]. The development of the in-
dustry standard Czochralski technique for single crystal growth [9] has facilitated
the adoption of LiNbO3, which today is readily available as single crystals wafers.
Many of the useful properties of LiNbO3 can be inferred from its crystal
structure. This is illustrated in Fig. 1.1, showing the hexagonal unit cell with
respect to the major crystal axes and the position of the ions in the crystal lattice.
LiNbO3 has a non-centrosymmetric crystal structure exhibiting trigonal crystal
symmetry about the z or as it is sometimes called the c-axis. Since crystal struc-
ture of LiNbO3 is anisotropic in nature, LiNbO3 acts as a birefringent uniaxial
crystal, exhibiting two refractive indices depending on polarisation of incident
light. If light is polarised normal to crystal z -axis it interacts with the ordinary
index (no) and if it is polarised parallel to crystal z -axis it interacts with the
extra-ordinary index (ne). Below its Curie temperature, which is approximately
1210 oC, LiNbO3 exists in its ferroelectric phase where the Li and Nb cations
are displaced relative to the O planes [10]. The displacement gives the LiNbO3
crystal its electric or spontaneous polarisation Ps directed along the z -axis as
depicted in Fig. 1.1 (c). In LiNbO3 two possible orientations of Ps are possible
along the z -axis, directed towards the positive z -axis forming a +z or positive
domain and directed towards the negative z -axis forming a −z or negative do-
mains. Due to the crystal structure of LiNbO3, it possesses many useful effects
such as electro-optic, nonlinear optic, piezoelectric, pyroelectric and photorefrac-
tive effects. These properties have been used to create devices including surface
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Figure 1.1: Crystal structure of ferroelectric LiNbO3 indicating, (a) the various
crystal orientations, (b) the positioning of the Nb and Li ions in the lattice and
(c) positioning of the O ions and orientation of spontaneous polarisation (Ps).
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acoustic wave transducers [11], optical waveguides, wavelength filters, wavelength
converters [4], Q-switches, beam deflectors, holographic memory for data storage
[12] and optical amplitude modulators [13], just to name a few.
In practice, the material LiNbO3 can be sourced as substrates or wafers, which
are specified with respect to its orientation to the major crystal axes, generally
termed as ‘cuts’. These cuts are defined by the crystal axis, which is normal to
the plane of the substrate [14]. The choice of cut depends on the end applica-
tion. Generally, x -cut and y-cut crystals are utilised in electro-optic devices as
they provide chirp free performance and exhibit relatively stable operation over
temperature, with low bias-voltage drift rates [13]. Additionally, z -cut crystals
are predominantly used in the fabrication of nonlinear integrated optical devices.
Such devices require efficient phase matching between different wavelengths of
light interacting with each other in the waveguide. In LiNbO3, this is achieved
by tailoring domain structures, which are relatively easier to realise on z -cut
substrates [15]. Furthermore, in some cases LiNbO3 substrates are defined at
specific angles to the major axes, for instance 128o rotated yx -cut. Such crystals
are used in surface acoustic wave (SAW) applications as they provide efficient
electro-mechanical coupling to acoustic waves [11].
Considering the aforementioned advantages of LiNbO3 crystals and its poten-
tial to build integrated structures, this thesis presents a step towards identifying
opportunities to realise a multitude of devices with integrated functionality, by
exploring new processing methods and techniques to structure LiNbO3 and de-
velop optical waveguides.
1.2 Synopsis
For any material platform surface micro-machining is an important processing
step. It can be used to improve the response of a device [16], add functional-
ity [17, 18] and also create new types of devices [19]. LiNbO3 is a very robust
and stable material, which has been proved difficult to etch. At present several
LiNbO3 surface micro-machining techniques exist, each with it’s own advantages
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and disadvantages. These techniques generally cause an increase in the surface
roughness, or to some degree change the crystal surface properties [20–22]. Re-
cently, a new technique was discovered for etching LiNbO3 named Etching During
the In-diffusion of Titanium (EDIT) [23]. This etching technique has demon-
strated etched trenches, which have a surface roughness comparable to that of an
untreated optical grade LiNbO3 wafer. The etched region shows no change in the
material properties making this technique [23] potentially useful in the realisation
of novel photonic devices. Investigations into the application of this technique
to realise ridge type optical waveguide structures discovered that optical confine-
ment occurred under etched trenches rather than the intended ridge waveguide
structures [24]. If the region under the trenches, etched using the EDIT tech-
nique, are optical waveguides, they could be potentially useful for applications
in integrated optics. This thesis investigates the optical waveguide like effect
observed under trenches etched by the EDIT technique, uncovers its origins and
explores possible applications. This thesis is structured as follows,
Chapter 2 presents a detailed overview of the EDIT technique and examines
the characteristics and the physical and chemical mechanisms involved in the
process. The optical waveguide like behaviour demonstrated in [24] suggests a
localised increase in refractive index has taken place under etched trenches. Opti-
cal microscopy aided observations of the cross-section of the etched trench reveal
such an increase. The region under an etched trench is then tested for optical
waveguiding at 633 nm wavelength. Experimental evidence demonstrates that
such regions are indeed optical waveguides. The optical mode behaviour of such
waveguides are investigated with respect to the etch depths of the trenches and
the polarisation of the light input. Single mode waveguiding is demonstrated at
633 nm wavelength and preliminary insertion loss measurements are reported.
The plausible causes for the observed phenomena are discussed and it is hypoth-
esised that waveguides are formed due to stress induced due to some kind of
surface modification. The implications of these findings are then explored.
Chapter 3 presents a systematic study into the versatility of the EDIT tech-
nique by investigating its application on different crystal orientations and compo-
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sitions of LiNbO3 crystals. The results provide further insight into the physical
and chemical mechanisms of the EDIT process and the polarisation dependence
of optical waveguiding.
Chapter 4 investigates the possible surface modifications, which could oc-
cur during the EDIT process resulting in optical waveguiding. A hypothesis is
deduced that surface tension reshaping plays a role in inducing stress on the
underlying substrate. Experimental tests confirm this hypothesis and optical
waveguiding is demonstrated under an HF etched trench, which has been an-
nealed in the same atmospheric conditions in which the EDIT process occurs.
Chapter 5 focuses on the realisation of optical waveguides at 1550 nm wave-
length using the EDIT technique. Single mode optical waveguiding at 1550 nm
wavelength is demonstrated on 5 mol% Mg-doped z -cut congruent LiNbO3. The
optical mode behaviour and the waveguide loss measurements are reported.
Chapter 6 presents the use of the electric field poling technique, to fabricate
domain inverted structures on EDIT processed LiNbO3 crystals. The electric field
poling characteristics for EDIT etched trenches on the +z and −z faces of con-
gruent LiNbO3 and 5 mol% Mg-doped z -cut congruent LiNbO3 are investigated.
Finally the fabrication of periodically poled EDIT waveguides are demonstrated.
Chapter 7 summarises the investigations conducted in this thesis. Areas in
which further investigations are required are identified and avenues for further
research are presented.
1.3 Original scientific contributions
The original scientific contributions made by this thesis are:
1. Observation of a localised increase in the refractive index under an EDIT
etched trench [25].
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2. Demonstrating of optical waveguiding under EDIT etched trenches showing
etch depth and light polarisation dependence [25].
3. Comparative etching characteristics of the EDIT technique for congruent
LiNbO3, stoichiometric LiNbO3 and 5 mol% Mg-doped congruent LiNbO3
[26].
4. Comparative etching characteristics of the EDIT technique for x -cut, y-cut,
z -cut and 128o rotated yx -cut congruent LiNbO3 [27].
5. Characteristics of optical mode behaviour of EDIT waveguides at 633 nm
wavelength for x, y and z -cut congruent LiNbO3 crystals and for z -cut 5
mol% Mg-doped congruent LiNbO3 [27].
6. Demonstration of optical waveguiding induced in LiNbO3 by a combination
of a topography change and surface tension reshaping [28].
7. Demonstration of optical waveguiding at 1550 nm for z -cut 5 mol% Mg-
doped congruent LiNbO3 [29].
8. Demonstration of periodic poling of EDIT waveguides [26].
7
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Observation of optical
waveguiding in EDIT processed
x -cut congruent LiNbO3
2.1 Introduction
LiNbO3 is an attractive material for integrated optics because of its excellent
acousto-optic, electro-optic and nonlinear optical properties. For such applica-
tions, low loss optical waveguides are desired as they aid in the fabrication of
compact optical devices including couplers, modulators and polarisation convert-
ers, just to name a few [12]. Research into optical waveguide fabrication in
LiNbO3 was initiated in the early 1970s. Optical waveguiding was first demon-
strated in Li deficient layers formed on the crystal surface by annealing it at
1100 oC to produce Li out-diffused slab waveguides [30]. This was followed by
the exploration of the in-diffusion of metal ions such as Ti, V and Ni which
resulted fairly low loss slab waveguides [31]. In subsequent investigations, Ti
in-diffused waveguides garnered strong interest as the fabrication process showed
high reproducibility with waveguide losses <1 dB/cm [32–36]. The need for ad-
ditional features such as low temperature processing, compatibility with domain
engineering, photorefractive damage suppression and waveguides which are free
of impurities, inspired concurrent research into alternate waveguide fabrication
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techniques [12, 36]. Such techniques include additional methods of doping, like
proton exchange [15] and ion implantation [37], direct laser writing [38, 39] and
various surface micro-machining techniques [40, 41].
Surface micro-machining techniques have been predominantly used to fabri-
cate ridge waveguides in LiNbO3. However, most of the techniques suffer from
drawbacks such as increased surface roughness of the etched area [20, 21] and re-
deposition of the etched material [42, 43]. A new etching technique was discovered
by Sivan et al. named Etching During the In-diffusion of Titanium (EDIT) [23].
This technique demonstrated etched trenches with surface roughness compara-
ble to an untreated surface of an optical grade LiNbO3 wafer. Furthermore,
the etched regions maintained the original bulk crystalline properties. During
an attempt to realise ridge waveguides using the EDIT technique, rather than
observing optical waveguiding in the ridge structures, preliminary observations
seemed to indicate that the regions under the etched trenches appeared to guided
light. The objective of this chapter is to analyse the optical properties of the re-
gion under the EDIT etched trench and establish whether this region does indeed
behave as an optical waveguide.
The structure of this chapter is as follows, Section 2.2 introduces the EDIT
technique, reviews its characteristics and describes the physical mechanisms in-
volved in the process. Section 2.3 demonstrates the smooth nature of the trenches
fabricated by the EDIT technique. In Section 2.4, initially, Section 2.4.2 and
Section 2.4.2 reviews some of the basic principles of optical waveguiding. Us-
ing optical microscopy, the cross-section of the EDIT etched trench is probed in
Section 2.4.3, for a localised refractive index increase under the etched region.
Section 2.4.4 presents the optical modes supported by such regions when excited
with laser light at 633 nm wavelength and Section 2.4.5 presents the conditions
required for single mode waveguiding. The potential causes for the observed phe-
nomena are discussed in Section 2.4.6. Section 2.4.7 reports the insertion losses of
EDIT waveguides, discussing the possible sources of loss. Finally, the implications
of these findings are reported in Section 2.5.
9
Chapter 2
2.2 Etching During the In-diffusion of Titanium
(EDIT)
In this section, the Etching During the In-diffusion of Titanium (EDIT) technique
is introduced. Since the EDIT process relies on Ti diffusion in LiNbO3, first,
the physical mechanisms which occur during the Ti diffusion process and its
characteristics are examined. This is followed by a detailed description of the
EDIT process. A detailed examination of the process and its characteristics will
allow the design of appropriate experiments to further analyse trenches etched
by the EDIT technique.
2.2.1 Ti diffusion in LiNbO3
The process of Ti in-diffusion in LiNbO3 has been extensively studied, especially
in the context of the fabrication of low loss optical waveguides [32, 34, 36]. Ti in-
diffusion in LiNbO3 produces waveguides having a graded refractive index change,
which is directly proportional to the Ti concentration in the crystal. After dif-
fusion the Ti concentration profile follows an error function [34] and a refractive
index change is achieved for both the ordinary (no) and the extra-ordinary (ne)
index (∆no = 0.02, ∆ne = 0.04) [36].
The fabrication of low-loss Ti diffused waveguides requires careful selection
of the parameters which influence the process. Such parameters include the an-
nealing temperature, Ti strip thickness and width, diffusion time and annealing
environment [34]. Ti in-diffusion is usually performed at high temperatures rang-
ing from 900 oC to 1100 oC, close to the Curie temperature of 1210 oC for LiNbO3
[10, 31, 36]. Within the laboratory conditions at RMIT University, a temperature
of 1050 oC was found to be the optimum temperature to produce low loss waveg-
uides. Selection of the appropriate Ti thickness and strip width depends on the
end application. Generally, for optical waveguides in the infrared to mid-infrared,
Ti film thicknesses on the order of 80 nm are used [44]. The annealing process
can be performed in an argon, oxygen, nitrogen or ambient air environments and
time durations may vary from 0.5 to 30 hours [36]. When diffusion is carried out
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in an inert atmosphere such as argon then the crystal will reduce, losing some of
its oxygen ions, thus resulting in a ‘black’ coloured appearance. This process is
reversible by post diffusion annealing in an oxygen rich environment to re-oxidise
the crystal and regain its usual colourless appearance [45].
One of the major concerns in the fabrication of Ti diffused waveguides is the
out-diffusion of Li. For the temperatures at which Ti diffusion takes place, Li
ions are highly mobile, which results in them diffusing out of the crystal, leav-
ing behind a Li deficient layer at the surface [33]. This deficiency results in an
increase in the extra-ordinary index, which supports surface waveguiding. A con-
sequence is a deterioration in the performance of channel waveguides, particularly
if this out-diffusion is inhomogeneous, leading to scattering [33]. To prevent Li
out-diffusion a variety of techniques have been employed [33]. Among them, tech-
niques such as, placing the crystal within a closed platinum box in the furnace
[35] or using a wet oxygen atmosphere [46] yield highly reproducible results. In
the latter case, a change in surface morphology of the diffused Ti strip is observed
in the form of a raised ridge structure [35].
2.2.2 High temperature kinetics of Ti diffusion in LiNbO3
Section 2.2.1 examined the Ti diffusion process in LiNbO3 and the parameters
that influence diffusion and subsequent waveguide formation. It was noted, that
diffusion carried out in a humid oxygen atmosphere to suppress lithium out-
diffusion which results in the formation of a raised ridge on the Ti in-diffused
LiNbO3 surface. In this section, the kinetics of the physical and chemical reac-
tions during the diffusion of a Ti strip in a wet oxygen atmosphere are reviewed.
In the initial stages of the process when the temperature is gradually increased
up to the diffusion temperature, at ∼ 300 oC the Ti film starts to oxidise, forming
rutile TiO2 by incorporating oxygen from the atmosphere and also the LiNbO3
itself [47]. As the temperature approaches 900 oC, Ti4+ ions are activated and
start diffusing into the substrate. Subsequently, a counter diffusion of Li+ and
Nb5+ ions into the TiO2 strip takes place. The Nb
5+ ions substitute Ti4+ ions,
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which creates a charge imbalance in the film [48]. At ∼1000 oC a ternary com-
pound (Li0.25Nb0.75O2)1−x(TiO2)x is formed, which has a molar volume greater
than the initial Ti strip. A subsequent swelling of the Ti strip occurs, leading to
a ridge structure [35, 48].
The water vapour in the atmosphere aids in the suppression of Li out-diffusion
from the substrate. This occurs in the following manner. At the high temper-
atures of the diffusion process, water can easily dissociate into H+ and OH−
ions. At the substrate surface OH− ions combine with Li+ ions to form a LiOH
monolayer, which is very stable and suppresses further out-diffusion of Li [49].
2.2.3 Etching During the In-diffusion of Titanium (EDIT)
It has been shown that, if a piece of LiNbO3 is placed on top of the Ti strip
during annealing in a wet oxygen atmosphere, while Ti diffuses into the bottom
substrate, forming a waveguide with a raised ridge, the top piece of LiNbO3 is
actually etched forming a smooth trench, corresponding to the form of the Ti
strip [23, 49, 50]. This new method of etching LiNbO3 has been named ‘Etching
During the In-diffusion of Titanium’ or ‘EDIT’.
A specific methodology for conducting EDIT is illustrated in Fig 2.1 and is
described as follows. Ti is deposited onto an x -cut congruent LiNbO3 (CLN)
wafer using standard electron-beam thermal evaporation. The Ti film is then
patterned, depending on the desired features, using standard photolithographic
techniques. The Ti film is coated with AZ photoresists and then exposed to UV
light through a chrome mask. The exposed regions are then removed by using a
developer solution, which leaves behind a patterned photoresist on the Ti film.
This serves as a mask for the wet etching process. A 3% solution of Hydrofluoric
acid (HF) is used to etch the Ti film in regions where photoresist is absent. On
completion, the photoresist is washed away revealing the desired Ti pattern on the
x -cut ‘bottom’ wafer. Detailed photolithographic processing steps are provided
in Appendix A. Up to this point, the process is identical to the methodology used
to form standard Ti in-diffused waveguides. After patterning of the Ti strip on
12
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Figure 2.1: Processing steps for Etching During the In-diffusion of Titanium
(EDIT).
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the LiNbO3 ‘bottom’ wafer, a second unprocessed x -cut CLN ‘top’ wafer is placed
in contact on top of the Ti patterned wafer. The two wafers are then annealed,
in contact, under identical conditions used when annealing to form simple Ti
in-diffused waveguides. The annealing is performed in a three zone quartz tube
furnace at 1050 oC, in a wet oxygen atmosphere. The wet oxygen atmosphere
is generated by bubbling oxygen gas through a column of De-ionised (DI) wa-
ter, which is maintained at a constant temperature of 60 oC. The gas flow is
maintained at a constant rate of 1 L/min. After annealing, the originally unpat-
terned ‘top’ wafer is etched corresponding to the Ti pattern on the ‘bottom’ wafer.
The present understanding of EDIT is that it is of electrochemical nature
[49, 50]. In the EDIT process the etch depth depends on,
1. Concentration of water vapour in annealing environment: The higher the
concentration of water vapour, deeper is the etch depth [49].
2. Annealing duration: Longer the annealing time, deeper the etch depth [49].
3. Ti thickness: Increasing the Ti thickness results in an increase the etch
depth [49].
4. Ti strip width: A wider strip creates a deeper etch [24].
In most cases, EDIT is always carried out in a wet oxygen atmosphere of 100%
humidity. With regards to the annealing duration, Fig. 2.2 shows the etch depth
as a function of the annealing duration for a 100-nm and a 500-nm-thick Ti film
reproduced from Ref. [49]. For each thickness the EDIT process is characterised
by 3 distinct zones. Zone A, where no etching is observed, Zone B, where the etch
depth increases with annealing time and Zone C, where the etch depth saturates.
The following paragraphs describes the mechanism behind the process, which is
illustrated in Fig. 2.3.
In the preliminary stages, steps (1) and (2) of Fig. 2.3, the Ti film first in-
corporates oxygen from the atmosphere and the LiNbO3 substrate to form rutile
TiO2. When the Ti in-diffusion temperature approaches approximately 900
oC,
14
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Ti4+ ions from the TiO2 film start diffusing into LiNbO3 to occupy Li and Nb
sites. Simultaneously a counter-diffusion of Li+ and Nb5+ into the TiO2 strip
takes place, illustrated in step (3) of Fig. 2.3 [48]. When Nb5+ ions reach the
surface it acts as a catalyst to dissociate water vapor into H+ and OH− ions.
Since Ti4+ ions exhibit a different oxidation state from Nb5+ ions, a charge im-
balance or a charge perturbation is created in the TiO2 film. The Nb
5+ on Ti4+
site defect, is compensated by a OH− ion from the dissociated water molecule
leaving an excess H+ ion, which is repelled towards the ‘top’ wafer. This process
is depicted in step (4) of Fig. 2.3. The H+ ion acts as the reactive ion species,
which etches the ‘top’ wafer. Here, it was proposed that H+ ions are incorporated
into the crystal lattice to form HNbO3, which is unstable at high temperatures
[49, 50]. The newly formed compound etches away from the ‘top’ wafer and de-
posits onto the ‘bottom’ wafer, which is illustrated in steps (5) and (6) of Fig. 2.3.
In Zone A, no etching is observed as at this stage, Nb5+ ions have not yet
reached the surface. As soon as the first Nb5+ ions approach the surface, H+ ions
are created, initiating the process of etching the ‘top’ wafer. This initiation of
etching marks the beginning of Zone B.
In Zone B, the etch depth is directly proportional to the annealing duration.
This indicates that, in this zone a continuous supply of H+ ions are generated as
fresh Nb5+ ions reach the surface. The etching process continues until the TiO2
strip is saturated with Nb, or more accurately, the proportion of Nb and Ti de-
fects within the strip and within LiNbO3 below are approximately equal and thus
there is no further net diffusion of Nb up into the strip. Furthermore, the charge
perturbation caused by the Nb5+ ions replacing Ti4+ ions at the surface, are all
neutralised by OH− ions. Thus no charge perturbation exists and at this point it
is said that the Ti is depleted. The depletion of Ti strip marks the beginning of
Zone C.
In Zone C, since there is no net diffusion of Nb5+ to the surface, and all of
the previously out-diffused Nb5+ ions have been neutralised, the surface of the
Ti strip becomes inactive and the generation of H+ ions ceases and consequently,
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Figure 2.3: Physical Mechanism of EDIT process [49, 50] (1) Initial state at the
interface of the Ti patterned LiNbO3 ‘bottom’ wafer and untreated LiNbO3 ‘top’
wafer, which will undergo etching (2) At ∼300 oC, Ti film incorporates oxygen
from atmosphere and substrate to form TiO2 (3) At a temperature ≥ 900 oC,
the Ti4+ ions start in-diffusing with a subsequent counter diffusion of Li+ and
Nb5+ (4) A charge perturbation is created in the film as Nb5+ ion replaces Ti4+
ion, the charge imbalance is compensated for, when the Nb5+ reaches the surface
and combines with OH− ion from the wet atmosphere, the corresponding H+
ion is repelled towards the ‘top’ wafer (5) H+ ion combines with ‘top’ wafer to
form HNbO3, which is volatile at high temperatures (6) This material is etched
away from the ‘top’ wafer and redeposited onto the ‘bottom’ wafer. The process
from (4) to (6) continues until all Ti4+ ions are replaced by Nb5+ ions, i.e. Ti is
depleted from the TiO2 film. Etching ceases when all Nb
5+ ions at the surface
are neutralised by OH− ions
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etching of the ‘top’ wafer also stops. Thus, in Zone C, there is no significant
change in the etch depth even for extended periods of annealing.
When the plots of the 100-nm-thick and 500-nm-thick Ti strips in Fig. 2.2 (a)
and Fig. 2.2 (b) respectively are compared, it can be observed that in the latter
case the onset of Zone B is delayed by 3 hours. In this case the Nb5+ ions access
to the surface is postponed as the Ti strip is now much thicker, delaying the onset
of the etching process. Furthermore, the etch depth achieved by the 500-nm-thick
Ti strip is deeper as compared to the 100-nm-thick Ti strip. This occurs due the
fact that a 500-nm-thick Ti strip is a source with a large concentration of Ti ions
as compared to a 100-nm-thick Ti strip and hence, more H+ ions are produced
before the Ti is depleted. A similar argument can be used to explain the obser-
vation of wider Ti strip producing a deeper etch [24]. This is observed until the
Ti strip width approaches the diffusion length of Ti into the substrate. Below
this width, the Ti strip can be thought of simply as a point source for diffusion
with the ‘dose’ of Ti ions controlled by the strip width. Above this width, the
strip must be considered a distributed source and the depth of the trench remains
constant, with the trench width increasing to match the width of the Ti strip.
Similar behaviour is observed for the Ti diffusion profile in the ‘bottom’ wafer [32].
In conclusion, the EDIT process and the parameters which influence it were
reviewed. For a Ti strip which is completely depleted during the annealing pro-
cess, the etch depth of the trench can be controlled by either varying the thickness
or the width of the Ti strip. In the next section the material characteristics of
the etched trench performed in previous work are reviewed.
2.2.4 Material characteristics of the EDIT etched surface
It was established that when a LiNbO3 ‘top’ wafer is placed on top of a Ti strip,
diffusing into another LiNbO3 ‘bottom’ wafer, in a wet oxygen atmosphere, the
‘top’ wafer will be etched in the region in close proximity to the Ti diffusing strip.
The resultant etched surface was observed to be very smooth in nature. However,
for applications in integrated optics it is important that the underlying LiNbO3
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crystal maintains its material properties. The material properties of the etched
region have been previously analysed [23, 50] and in this section the results of
these analysis are reviewed.
Since in the EDIT process Ti diffusion takes place in close proximity to the
wafer that is being etched, one would presume that Ti could be present in the
etched ‘top’ wafer. Energy Dispersive X-ray spectroscopy (EDX), which measures
the composition of the material over a nominal depth of 1 µm was used to probe
the EDIT etched region for traces of Ti [23]. Such measurements showed no trace
of Ti in the etched region and its composition was similar to the that of an as re-
ceived untreated LiNbO3 wafer. EDX however cannot detect Li concentration as
this element is very light [23]. Changes in Li concentration, specifically depletion
of Li is known to cause an increase in the extra-ordinary refractive index (ne)
[33]. This was tested by employing the prism coupling technique, which mea-
sures optical modes supported by films of higher index relative to the substrate.
For large EDIT etched areas no change in ne was observed [24]. Furthermore,
Secondary Ion Mass Spectroscopy (SIMS), which is an additional technique to
measure the material composition, was used to gauge the material composition
[50]. This technique can measure the Li concentration as well however the depth
resolution is ∼11 µm. It was observed that in the EDIT etched surface the Li
concentration is maintained similar to an untreated wafer [50].
In addition to material composition, the crystallinity of the EDIT etched sur-
face was also measured [23, 50]. This was characterised by using a standard θ - 2θ
wide angles x-ray diffraction (XRD) scan, which measures the crystallinity of the
material over depth of 10 µm [23]. The resulting XRD diffractogram measure-
ments of an EDIT etched surface was compared to an untreated LiNbO3 crystal.
Identical diffractogram readings were observed in both the EDIT etched LiNbO3
crystal and untreated LiNbO3 crystal. Similarly, measurement of the Raman
scattering is also a useful tool to measure the materials crystallinity, which has
a depth resolution in the order of a couple of microns [51]. The Raman study of
the EDIT etched crystal revealed no change in the Raman scattering spectra for
a etched crystal when compared to an untreated crystal [50]. These results rule
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out the formation of a different crystalline phase under the EDIT etched region
over a depth of ≥2 µm.
To summarise, in this section the previous materials analysis of the EDIT
etched region was reviewed. It was established that within the limits of the
material analysis techniques used, the region under EDIT etched areas maintain
their bulk crystalline properties and materials composition. Furthermore, it was
reported that the EDIT etched surface was very smooth in nature similar to
an untreated LiNbO3 wafer with the RMS surface roughness on the order of
∼1 nm [24]. In the next section the realisation of such smooth etched trenches
are demonstrated.
2.3 Demonstration of smooth etched trenches
produced by the EDIT technique
Section 2.2.3 reviewed the EDIT technique and the various parameters which
influence the process. The material analysis of the EDIT etched region was re-
viewed in Section 2.2.4. In previous work it was observed that the etched surface
was very smooth in nature with an RMS surface roughness of ∼1 nm, comparable
to an untreated LiNbO3 wafer [24]. In this section, the etched trenches produced
by the EDIT technique are recreated, with the aim to verify the key parameters
which influence the EDIT process and furthermore, confirm the smooth nature
of the etched surface as reported previously [24].
From Fig. 2.2 it can be observed that for a 100-nm-thick Ti film and an
annealing duration of ≥10 hours, the Ti is depleted. Similarly, for a 500-nm-
thick Ti film, the Ti is depleted after an annealing duration of ≥15 hours. When
Ti strips are used in the EDIT process, if the annealing environment is maintained
constant and the EDIT process is performed such that the Ti in the strip is always
depleted, then the etch depth will depend only on width and the thickness of the
Ti strip.
In order to demonstrate the etch depth dependence on strip width for the
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EDIT process, a 100-nm-thick Ti film was deposited on an x -cut CLN wafer.
Ti strips of 3 µm and 7 µm width were then photolithographically patterned as
described in Section 2.2.3. The patterned Ti strips on the x -cut CLN ‘bottom’
wafer were used to etch another x -cut CLN ‘top’ wafer using the EDIT technique
as illustrated in Fig. 2.1. The wafers are placed in contact and then annealed in a
wet oxygen atmosphere with 100% humidity at 1050 oC for 15 hours to completely
deplete the Ti. After the EDIT process the topology of the etched ‘top’ wafer and
Ti diffused strips on the ‘bottom’ wafers were measured using an atomic force
microscope (AFM) to ascertain the etch depth and surface morphologies.
Fig. 2.4 (a) and (b) presents the optical images and the scanned AFM traces
of the 3-µm-wide and 100-nm-thick Ti diffused strip of the ‘bottom’ wafer and the
subsequently etched trench on the ‘top’ wafer respectively and Fig. 2.4 (c) and
(d) presents the optical images and the scanned AFM traces of the 7-µm-wide
and 100-nm-thick Ti diffused strip of the ‘bottom’ wafer and the subsequently
etched trench on the ‘top’ wafer respectively. It can be observed that the wider
7 µm Ti strip gives a deeper etch. Furthermore, the etched surface appears very
smooth. From the AFM scans the RMS surface roughness was determined to be
0.9 nm, which is similar to an as-supplied commercial untreated optical grade
LiNbO3 wafer, in accordance with previously published results [23].
If the thickness of the Ti strip is increased, it should also result in a deeper
etch. In a similar manner as before a 500-nm-thick and 7-µm-wide Ti strip was
patterned on a x -cut CLN ‘bottom’ wafer. This was utilised to etch another x -cut
CLN ‘top’ wafer using the EDIT technique. In this case the annealing duration
was increased to 30 hours to completely deplete the Ti from the strip. An AFM
was then used to measure the surface morphologies of the Ti diffused ‘bottom’
and etched ‘top’ wafer after the EDIT process.
Fig. 2.4 (e) and (f) presents the optical images and AFM traces of the 7-µm-
wide and 500-nm-thick Ti diffused strip of the ‘bottom’ wafer and the correspond-
ing etched trench on the ‘top’ wafer respectively. When compared to Fig. 2.4
(c) and (d), it can be observed that with a thicker Ti strip a deeper etch depth
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Figure 2.4: Optical images and AFM scans for, 3-µm-wide and 100-nm-thick (a)
Ti diffused strip on an x -cut CLN ‘bottom’ wafer and (b) its corresponding etched
trench on an x -cut CLN ‘top’ wafer, 7-µm-wide and 100-nm-thick (c) Ti diffused
strip on an x -cut CLN ‘bottom’ wafer and (d) its corresponding etched trench on
an x -cut CLN ‘top’ wafer and 7-µm-wide and 500-nm-thick (e) Ti diffused strip
on an x -cut CLN ‘bottom’ wafer and (f) its corresponding etched trench on an
x -cut CLN ‘top’ wafer.
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is obtained. Furthermore, the Ti diffused ridge appears rougher. The bottom
of the etched trench is still smooth with an RMS surface roughness of 1.05 nm
determined from the AFM scan, although, the side walls are corrugated.
The increased roughness of the Ti diffused ridge is a product of the rutile
TiO2 film, formed in the preliminary stages of the EDIT process, which has been
observed previously [24]. The grain size of the TiO2 film depends on the initial
Ti film thickness [52]. A thicker Ti film results in a TiO2 film with a larger grain
size, which increases the surface roughness of the Ti diffused ridge. This results
in an EDIT etched trench having corrugated side-walls when a relatively thick Ti
strip is used.
In conclusion, it was demonstrated that if the annealing environment is kept
constant and the process is performed for a duration, which allows complete
depletion of Ti, then the key parameters which influence the etch depth are the
Ti strip width and thickness. This is in accordance with previously obtained
results [24]. Furthermore, the resulting etched trenches were confirmed to be
very smooth in nature, with surface roughness of ∼1 nm, similar to an as received
untreated CLN wafer as observed in previous work [24].
2.4 Observation of optical waveguiding
Section 2.2 described the characteristics of the EDIT process in detail and Sec-
tion 2.3 demonstrated that smooth etched trenches can be fabricated by this
technique. The region under such etched areas retain the material properties,
such as crystallinity and chemical composition, similar to an untreated LiNbO3
substrate. In previous studies an additional side effect was observed [24], where
unexpectedly, the region under an EDIT etched trench exhibited properties sim-
ilar to an optical waveguide. A systematic investigation is necessary to ascertain
that the region under an EDIT etched trench is indeed an optical waveguide.
This section will provide a detailed analysis of optical waveguiding under EDIT
etched trenches which will allow the exploration of utilizing these structures for
integrated optics.
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In this section, first, some of the underlying principles of optical waveguiding
are reviewed. To verify the observed optical waveguiding phenomenon under
EDIT etched trenches, its cross-section is probed under an optical microscope
with the aim to visualise the refractive index change under the etched trench.
Further on, this region is tested for optical waveguiding and its characteristics
are discussed.
2.4.1 Optical waveguides
To investigate the observed optical waveguiding phenomenon, it is necessary to
understand some of the basic underlying principles behind optical waveguides.
An optical waveguide is a dielectric structure which confines light within itself
and allows it to propagate over a distance defined by the length of the waveg-
uide. Light is confined through the principle of total internal reflection. The
waveguide structure is defined by an area known as the ‘core’ which has a higher
refractive index relative to the surrounding area known as the cladding. This can
be achieved through a variety of configurations and some of the most common
structures implemented are illustrated in Fig. 2.5. When light is guided in an
optical waveguide the electromagnetic field in the structure has a characteris-
tic field distribution known as the ‘mode’ of the waveguide. Mathematically, a
mode is essentially a solution to the electromagnetic wave equation in the optical
waveguide. For the simplest form of an optical waveguide, the slab waveguide il-
lustrated in Fig. 2.5 (b), the number of modes M that the waveguide can support
is given as [53],
M
.
=
(
2d
λ
)
·NA (2.1)
where, d is the thickness of the core, λ is the wavelength, and NA is the
numerical aperture of the waveguide. NA provides a measure of the refractive
index difference between the refractive index of the core and the cladding. For the
simple case three layer slab waveguide where the top and bottom cladding have
the same refractive index nclad, termed as a symmetric waveguide, NA is given as√
n2core − n2clad where ncore is the core index. When the top and bottom cladding
have different refractive indices, termed as an asymmetric waveguide, the NA
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ncore > nclad
(a) Optical Fiber (b) Slab
(c) Strip (d) Doped Channel
(e) Ridge (f) Inverted Rib
Figure 2.5: Waveguide configurations (a) optical fiber, light is confined in a cir-
cular core surrounded by cladding material of lower refractive index, (b) Slab
waveguide, thin film of is deposited onto a substrate with a relatively lower index
then the film, light is confined only along transverse direction. The substrate acts
as the bottom cladding and air acts as a top cladding, (c) Strip waveguide is the
two dimensional case of the slab waveguide and light is confined transversely and
laterally as well, (d) Doped channel waveguide, the refractive index in the sub-
strate is increased by localised doping, (e) Ridge waveguides which are similar to
strip waveguides but generally easier to fabricate and (f) Inverted rib waveguides
which is an inversion of the ridge structure.
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then depends on the combined refractive index difference between the core and
top cladding and the core and bottom cladding. Thus, from Equation (2.1), one
can infer that the number of modes that can be supported by a slab waveguide
depends on the dimensions of the waveguide, the wavelength of the propagating
electromagnetic wave and the difference in the refractive index of the core and
cladding. In general, for real world applications, waveguides are designed such
that they support a single mode known as the fundamental mode. Waveguides
supporting more than one mode are termed as multimode waveguides.
Thus, in this section the basic principles of optical waveguides were described.
An optical waveguide is a structure which has a localised area of index relatively
higher than the surrounding area. An optical mode was defined as the distinct
optical field distribution when light is confined in the waveguide. Furthermore,
the various parameters which influence the optical modes in a waveguide were
discussed. In the next section based on the above descriptions, the optical mode
behaviour is visualised using a 1D mode solver.
2.4.2 Optical mode characteristics
Section 2.4.1 described an optical waveguide and defined an optical mode. It
was seen that the properties of the waveguides, like the index difference between
the core and cladding or the waveguide dimensions, can influence the number
of modes supported by the waveguide or in general the mode behaviour. Con-
versely, by observing the mode behaviour, one can deduce some of the properties
of the optical waveguides. Such analysis is useful when investigating the region
under an EDIT etched trench for optical waveguiding. To observe the influence of
the waveguide parameters on optical modes, a simple 1D mode solver [54] which
plots the mode or the field distribution of a simple slab waveguide can be utilised.
To visualise optical mode behaviour for changes in waveguide properties, the
slab waveguide illustrated in Fig. 2.5 (b) was simulated for arbitrary step changes
in wavelength, core index and waveguide dimensions. Here the top layer is air
which has a refractive index of 1 and bottom layer has an index of 2.2 which is
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Figure 2.6: Simulations results for optical modes in a slab waveguide for 633 nm
and 1550 nm wavelengths for varying core refractive indices and dimensions.
Bottom layer substrate index = 2.2 and top layer is air index = 1.
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similar to the index of LiNbO3 and can be termed as the substrate. This is a
generalised configuration of most LiNbO3 waveguides.
Fig. 2.6 presents the optical modes supported by slab waveguides for arbitrary
changes in the waveguide parameters. Fig. 2.6 (a) and (b) presents optical modes
supported by a core of refractive index 2.3 at 633 nm and 1550 nm wavelengths.
At 633 nm wavelength, only a single field distribution is supported and hence, is a
single mode waveguide. For the same waveguide structure at 1550 nm wavelength
as well, a single field distribution is supported, however, it can be observed that
the field is less confined in the core with a major portion present in the cladding
or substrate, as compared to 633 nm. Such a mode is very weakly guided. Fig.
2.6 (c) and (d) illustrate the optical modes for 633 nm and 1550 nm wavelengths
for an increase in core dimensions from 500 nm to 700 nm. For 633 nm the
waveguide now supports more than one mode hence it is a multimode waveguide.
At 1550 nm the waveguides are still single mode but the field more is confined
within the core when compared the Fig. 2.6 (b). Fig. 2.6 (e) and (f) shows the
optical modes that result from an increase in core index from 2.3 to 2.5. Optical
mode behaviour observed in this case as well, is similar to that shown in Fig. 2.6
(c) and (d).
In general, for useful applications in integrated optics, single mode waveguides
are desirable and it is important that a major portion of the field is confined
within the core. Hence, from Fig 2.6 (a) and (b) one can deduce that for the
given dimensions the waveguide is suitable for optical waveguiding at 633 nm
but not at 1550 nm. Furthermore, the results presented in Fig. 2.6 (c)(d)(e)
and (f) exhibit that waveguides which are multimode at shorter wavelengths can
be single mode at longer wavelengths. Thus by manipulating the dimensions
and/or the refractive index difference between core and cladding one can design
waveguides depending on the operating wavelength. Increasing the index dif-
ference between the core and cladding or the waveguide dimensions makes light
more tightly confined within the core or multimoded, depending on operating
wavelength. Conversely, if an optical mode is tightly confined or multimode, it
indicates a relatively high index contrast between the core and the cladding or a
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relative increase in the core dimensions.
In conclusion, by observing the optical mode behaviour one can make quali-
tative estimate of the properties of an optical waveguide.
2.4.3 Optical microscopy of EDIT etched cross-section
It was established that to support optical waveguiding, it is necessary that a
region of relatively higher refractive index is surrounded by an area of lower re-
fractive index. Optical waveguiding under EDIT etched trenches demonstrated
in Ref. [24] suggests that a localised increase in the refractive index has occurred
under the etched region. It is predicted that if there is, in fact, a region of higher
index under each trench, then focussing white light onto one surface of the sam-
ple and imaging the light emerging on the other surface should show bright spots
where there is increased refractive index as the white light will be ‘guided’ from
one side of the sample to the other.
To investigate the localised increase in the refractive index under EDIT etched
trenches, an array of ∼500 nm thick Ti strips of 3 µm to 7 µm width in steps of
0.5 µm on x -cut CLN as the ‘bottom’ wafer, was used to etch trenches on x -cut
CLN parallel to crystal’s y-axis. A Ti thickness of 500 nm was utilised to achieve a
significant etch depth which allows easier visualisation of the etched cross-section
using an optical microscope. The wafers were annealed, in contact, at 1050 oC in
a wet oxygen atmosphere for 30 hours, which allows the complete depletion of Ti
from the strips. To measure the depth profile of the etched trenches an Ambios-
XP2 surface profilometer was used. The etched wafer was then diced to provide a
15 mm x 10 mm sample. To view the cross-section of the etched trenches, 5 mm
x 10 mm blocks of x -cut CLN were glued to the etched surface at either end using
a polymer and this blocked sample was polished to provide an area around the
etched trench with the refractive index of bulk LiNbO3. The blocked sample was
then placed upright in a differential interference contrast (DIC) microscope and
the cross-section was examined in the reflection and transmission configuration.
Fig. 2.7 illustrates the device and experimental setup.
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Figure 2.7: Method for probing the cross-section of the area under the EDIT
etched trench using DIC microscopy.
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Figure 2.8: (a) DIC image in reflection configuration indicating the etched
trenches in x -cut CLN ‘top’ wafer, resulting from EDIT process with 500-nm-
thick Ti strips with widths varying from 3 µm to 7 µm, using x -cut CLN as the
‘bottom’ wafer. (b) DIC image in transmission configuration. (c) Light intensity
profile of region under the etched trenches for image (b), and the EDIT etched
surface profile.
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Fig. 2.8 (a) presents the DIC image of the polished cross-section of the
etched trenches in the reflection configuration. The LiNbO3 wafer with the etched
trenches is at the bottom, with another LiNbO3 wafer block adhered to its top
surface. The etched trenches are just visible at the bonded interface. Fig. 2.8 (b)
presents the DIC image of the same region as Fig. 2.8 (a) but in the transmission
configuration. Here, a contrast is clearly visible under the etched trenches. To
examine this contrast the light intensity profile of the region under the etched
trenches for Fig. 2.8 (b) was measured. Fig. 2.8 (c) shows the light intensity
profile which is characterised by distinct peaks corresponding to the contrast seen
in Fig. 2.8 (b). The bottom trace in Fig. 2.8 (c) presents the measured surface
profile. The measured trenches correspond to the Ti strip widths of 3 µm to 7 µm
increasing in 0.5 µm steps. It can be seen that the etch depth increases with Ti
strip width as discussed in Section 2.3. Each dip of the surface profile in Fig. 2.8
(c) corresponds to the position of a peak in the light intensity profile.
The observation of bright spots when using transmission microscopy just un-
der the etched trenches is clear evidence that indeed, some localised increase in
the refractive index appears to have taken place in the regions under the etched
trenches. These regions with increased refractive index could support optical
modes. In the next section these regions are tested for optical waveguiding.
2.4.4 Optical waveguiding under EDIT etched trenches
The previous section demonstrated that light can be trapped under the regions
of the EDIT etched trench indicating that the refractive index in this region has
increased. If this refractive index is regular along the whole length of the sample
then it could act as an optical waveguide. If this is the case, it should be possible
to launch coherent laser light into these regions of increased refractive index and
observe regular guided modes at the output.
To test whether regular optical modes are indeed observed at the output of
the chip when illuminated with laser light, the same sample utilised in Section
2.4.3 was placed on an XY micro-positioner stage. A 633 nm He-Ne laser source
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Figure 2.9: Optical setup to test the region under the etched trench for optical
waveguiding.
was coupled into the region under the etched trenches at the input end using a
20x microscope objective. A polariser was used to set the input excitation to the
Transverse Electric (TE) polarisation (Electric field is parallel to the plane of the
substrate) or Transverse Magnetic (TM) polarisation (Electric field is perpendic-
ular to the plane of the substrate). A 20x microscope objective was used to focus
the output beam on to a CCD camera. Fig 2.9 shows the optical setup used to
test the samples.
Fig. 2.10 (a) presents the images of the optical power observed at the output
of the sample under trenches with widths 3 µm, 5 µm, and 7 µm for the TE
and TM polarised excitation for the blocked LiNbO3 sample. A distinct field
distribution under the etched trenches is visible. In particular, depending on the
alignment of the input excitation, it is possible to achieve an output in the form
of two lobes separated by a dark null. This is the form of the characteristic first
order mode of an optical waveguide.
To eliminate any possible influence the adhered block could pose to the ob-
servation of such optical modes, another sample was fabricated using the same
parameters described previously in Section 2.4.3, but now a block was not per-
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Figure 2.10: CCD imaged output optical power at 633 nm wavelength, for the
EDIT etched trenches on x -cut CLN ‘top’ wafer, etched by 3 µm, 5 µm and 7 µm
width Ti strips of 500-nm-thickness, using x -cut CLN as the ‘bottom’ wafer in
the TE and TM polarisations for the (a) Blocked and (b) Unblocked samples.
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manently adhered to the sample. This unblocked sample was polished and tested
for optical waveguiding in a similar manner as performed for the blocked sample.
Fig. 2.10 (b) shows the optical output under the trenches etched by the 3 µm,
5 µm and 7 µm width Ti strips for the unblocked sample. In this case as well,
the laser light observed under the trenches have the regular form that would be
expected for optical modes.
In both cases, for the blocked and unblocked samples, if these structures are
waveguides, then they are clearly multimode at λ = 633 nm. A single mode
waveguide would be characterised by a single lobe that is approximately Gaus-
sian in form and did not change its shape when the alignment of the input fiber
was adjusted. The waveguide fabricated by the 7 µm width Ti strip has many
dark and bright regions at the output indicating that it is able to support higher
order modes as compared to the waveguide fabricated by the 3 µm width Ti strip,
which only ever exhibits a single null at the output, indicating that it probably
supports only two modes: the fundamental and the first order modes. It would
be expected from Equation (2.1) that narrower structures would support fewer
modes. However, it should be noted from Fig. 2.8 (c), not only is the 3 µm
trench narrower than the 7 µm trench, but it is shallower as well. It might be
expected that the refractive index increase under the trench could be related to
the trench depth. If this is the case, then the 7 µm trench is not only wider, but
has a higher index contrast as well, leading to an even larger increase increase in
the expected number of mode supported (as described by Equation (2.1)).
In conclusion, it has been established that the region under an EDIT etched
trench is indeed an optical waveguide. This was verified by the observance of
regular optical modes guided by the region under the etched trench. Furthermore,
it was suggested that for a wider EDIT trench, which also has a relatively deeper
etch, provides a higher index contrast and hence stronger waveguiding.
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2.4.5 Single mode waveguides at 633 nm wavelength fab-
ricated using the EDIT technique
In Section 2.4.4 it was evident that the region under a trench, etched by the
EDIT technique, is an optical wavguide and supports optical modes. However,
as observed in Fig. 2.10 the waveguides are multimode. For integrated optical
applications, single mode waveguides are preferred. In the EDIT technique a
wider Ti strip produces a deeper etch. It was also observed in Fig. 2.10 that a
deeper trench support higher order modes. It is possible that in the case of EDIT
etched trenches a deeper trench provides stronger waveguiding or alternately, a
shallower trench provides weaker waveguiding.
If the strength of the waveguide is related to the etch depth, it should be
possible to achieve single mode waveguiding by reducing the etch depth. As the
etch depth depends on the thickness of the Ti strip [23] shallower trenches can
be obtained by decreasing Ti strip thickness. To fabricated shallower trenches,
a reduced Ti thickness of ∼100 nm was employed. An array of ∼100 nm thick
Ti strips of 3 µm to 7 µm width in steps of 0.5 µm was used to etch trenches
on x -cut CLN in a similar manner as performed in Section 2.4.3. The wafers
were annealed, in contact, at 1050 oC in a wet oxygen atmosphere for 15 hours,
which is sufficient, as seen in Fig. 2.2, to allow the complete depletion of Ti from
the strips. After the EDIT process the surface topology was measured using a
profiler. The wafer was then diced, polished into a 10 mm x 27.5 mm sample and
optically tested using the same setup as described in Fig. 2.9.
Fig. 2.11 (a) shows the etched surface profile when using a 100 nm Ti strip
thickness. A decrease in the etch depth is observed when compared with Fig. 2.8
(c), as expected. Fig. 2.11 (b) presents the optical intensity profile observed at
the output of the sample when illuminated by laser light at 633 nm wavelength
for TM and TE polarised light input. The output in each case is characterised by
a uniform single lobe that is approximately Gaussian. The form of this output
is independent of the alignment of the input laser illumination. These are char-
acteristics of a single mode waveguide. The exception is in the case of the 7 µm
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Figure 2.11: (a) EDIT etched surface profile for the x -cut CLN ‘top’ wafer, etched
by 100-nm-thick Ti strips of 3 µm to 7 µm widths, in steps of 0.5 µm, with x -cut
CLN as the ‘bottom’ wafer. (b) Optical mode profiles at 633 nm wavelength,
for EDIT etched trenches on the x -cut CLN ‘top’ wafer, etched by 3 µm, 5 µm
and 7 µm width Ti strips of 100-nm-thickness, using x -cut CLN as the ‘bottom’
wafer, for both TE and TM polarisations.
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wide trench when illuminated with TE polarised light. This can produce an out-
put with the form of a pair of lobes separated by a dark null, suggesting the first
order mode. In general the TE mode appears more tightly confined as compared
to the TM mode. Furthermore, the optical modes for the trenches etched using
100 nm thick Ti in Fig. 2.11 (b) are more weakly guided than under the trenches
etched by 500 nm thick Ti in Fig. 2.10. These results demonstrate that opti-
cal waveguiding characteristics can be controlled by modifying the Ti strip width
and thickness and single mode waveguides at 633 nm wavelength can be achieved.
In conclusion, it has been shown that the region under an EDIT etched trench
indeed behaves as an optical waveguide and supports optical modes. The mode
behaviour can be controlled by varying the etch depth. By increasing the etch
depth, the number of modes supported increases. Single mode waveguides were
achieved for 633 nm wavelength. The TE mode was found to be more strongly
guided than the TM mode. The next section discusses the plausible causes for
the observed waveguiding.
2.4.6 Possible causes for the localised increase in the re-
fractive index
In general optical waveguides are fabricated by creating a localised increase in
the refractive index of the substrate. There are several methods to achieve this in
LiNbO3. By examining these techniques the cause of the increase in the refractive
index under an EDIT etched trench, could be deduced.
The most common technique of creating a waveguide in LiNbO3 is by locally
doping the substrate with an impurity through ion diffusion or implantation [36].
In the case of EDIT the diffusion of ions creating a refractive index increase is
more likely, than ion implantation. Within the EDIT environment the most likely
ions would be Ti and H which have been generally used to fabricate waveguides
in LiNbO3 [31, 55]. The out-diffusion of Li at high temperatures has also been
exploited to create waveguides in LiNbO3 [30]. The material composition of the
EDIT etched region was discussed in Section 2.2.4. EDX studies have shown
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no traces of Ti in the EDIT etched region and its composition similar to that
of an untreated LiNbO3 wafer [23]. EDX, however, cannot detect Li and H as
these elements are too light. A change in the concentration of Li or H generally
results in an increase in the extraordinary refractive index only. This results in
the waveguide guiding light polarised only along the crystal extraordinary axis,
similar to proton exchange waveguides [55, 56]. In this particular case where
EDIT waveguides are fabricated on x -cut and are propagating along the crystal
y-axis, a change in either Li or H would support guiding only in the TE polari-
sation since modification of the Li ions would greatly increase the extraordinary
index but not impact the ordinary index. However, the fabricated waveguides
guide light in both TE and TM polarisations. This signifies that the observed
refractive index change is unlikely due to such kinds of processes. Additionally,
large areas of LiNbO3 were etched as well and tested with prism coupling for
possible changes in refractive index but no evidence of slab waveguiding in either
polarisation was found [24].
Micro-fabrication techniques have also been used in LiNbO3 waveguide fab-
rication but these are generally used to create ridge waveguides [40]. Direct
writing techniques using femtosecond [57] or continous wave UV lasers [58] have
been been recently employed in fabricating waveguides. In the case of UV writing,
waveguides are formed due to a localised diffusion of Li ions which has previously
been ruled out. In femtosecond laser-writing, waveguides are formed by struc-
tural modification of the material. In LiNbO3, two types of such modifications
are possible which result in Type 1 or Type 2 waveguides [59]. By analysing such
structural modifications, EDIT waveguides could also be tested to ascertain if
similar changes are taking place under the EDIT etched trench.
First, Type 1 waveguides are examined. Such waveguides are fabricated at
high pulse energies which leads to a strong structural modification, essentially
damaging the crystal lattice structure [60]. This in-turn induces a stress profile
near the modified region that can support optical waveguiding via the photo-
elastic effect [60]. The crystallinity of the material under the EDIT etched trench
was discussed in Section 2.2.4. Using XRD [23] and Raman scattering [50], it
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was found that the EDIT etched region maintained its crystalline properties and
did not differ from an untreated LiNbO3 wafer. Hence, it is highly probable that
crystalline damage is not the cause for the observed waveguiding under EDIT
trenches.
Taking Type 2 waveguides into consideration, these are fabricated at relatively
lower pulse energies. In such waveguides, optical waveguiding has been observed
only for extraordinary polarised light. Furthermore, they have been proven to be
unstable over time and can be erased by thermal treatment [59, 61]. In this case,
optical waveguiding was attributed to local amorphisation of the crystal structure
which could result in a stress field increasing the index in the surrounding area
through the photo-elastic effect [59]. In comparison to EDIT waveguides, light
is guided for both TE and TM polarised light, indicating an index increase for
both the extraordinary and ordinary index. Furthermore, taking into account
the high temperature process at which EDIT waveguides are formed one would
expect them to be thermally stable. To assess the thermal stability, the waveg-
uides were annealed at 250 oC for 2.5 hours [58] and even annealed at 1050 oC for
12 hours. The mode profiles of the annealed waveguides were measured with no
change being observed confirming, that EDIT waveguides are indeed quite stable.
Considering that the region under the EDIT etched trench maintains the bulk
crystalline properties and material composition it is thus possible the mechanism
behind the observed waveguiding phenomenon could occur just at the surface of
a trench which may have been difficult to detect in previous materials analysis.
Waveguides have been previously fabricated in LiNbO3 by manipulating surface
properties [62]. When a thin film is deposited on LiNbO3 at elevated temperatures
and then cooled down to room temperatures the difference in thermal expansions
of the film and the substrate can induce a strain and cause an increase in the
refractive index via the photo-elastic effect. This has been utilised to create strain
induced waveguides in LiNbO3 [62]. In the case of EDIT it is possible that some
kind of surface modification has taken place within the etched region at 1050 oC
annealing temperature. This modified surface may have a different thermal ex-
pansion coefficient than the underlying substrate. Since the etching that leads to
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surface modification occurs at 1050 oC, when it is cooled to room temperature,
the thermal mismatch between the modified part of the surface and the under-
lying crystal layers may cause significant stress, which could lead to a localised
strain and cause an increase in the refractive index via the photo-elastic effect.
To summarise, the various techniques of creating a localised index change in
LiNbO3 were examined and compared to the properties of the region under an
EDIT etched trench and its waveguiding characteristics. EDIT waveguides are
not formed due to a change in the material composition. A structural change
of the crystal lattice in the region under an EDIT etched trench does not oc-
cur and hence the optical waveguiding due to such structural changes can be
ruled out. Furthermore, waveguides fabricated by the EDIT technique proved to
be thermally stable. It appears that the cause behind the observed waveguid-
ing phenomenon occurs just at the surface. This suggests that an investigation
into the physical mechanism creating waveguide under EDIT trenches, requires
probing of a possible change in the surface properties within the EDIT etched
region.
2.4.7 Waveguide insertion losses
In Section 2.4.6, it was deduced that a possible cause for the observed optical
waveguiding is due to stress induced under an etched trench. Before embarking
on utilizing these optical waveguides for integrated optic applications, it is impor-
tant to gauge their quality by measuring their propagation losses. It is expected
that since this is the first observation of such waveguides, the propagation losses
will be relatively high.
To estimate the waveguide losses, the insertion loss measurement technique
was used, noting that this technique also includes waveguide coupling losses [63].
EDIT waveguides fabricated using ∼100 nm thick Ti strips were utilised as they
showed single mode guiding at 633 nm wavelength in Fig. 2.11. The same optical
setup as described in Section 2.4.4 was used to estimate the waveguide insertion
loss. This was measured by aligning the input and output optics and measuring
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the transmitted power, with an optical power meter in dBm, without the sample
and then repeating the measurement with the sample in place. The insertion
loss is then calculated in dB by subtracting these two readings. Measurements
were performed for ten sets of 3 µm to 7 µm waveguides in steps of 0.5 µm on
a single sample. The insertion loss for each waveguide width was taken as the
average of ten measurements and the error bars were deduced by calculating the
standard deviation of the measurements. The acquired losses were then plotted
as a function of the initial Ti strip width.
Fig. 2.12 shows the plot of the insertion loss versus the initial Ti strip width.
It can be observed that in each case, waveguiding in the TM polarisation is more
lossy as compared to TE polarisation. In general the loss decreases with in-
crease in the Ti strip widths and this is more sensitive in the TM polarisation.
The waveguide etched using the 7-µm-width Ti strip exhibits the lowest loss of
6.03 dB for TE polarised light and 11.56 dB for TM polarised light. For the
waveguide length of 27.5 mm, it can be estimated that the propagation losses
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Figure 2.12: Insertion loss of the EDIT waveguides on x -cut CLN of length
27.5 mm, etched using 100-nm-thick Ti, with x -cut CLN as the ‘bottom’ wafer,
for different strip widths.
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could be no more than 2.19 dB/cm for the TE mode and 4.2 dB/cm for the TM
mode. It should be noted that these measurements include coupling losses. This
could be significant since the modes of EDIT waveguides are highly asymmetric
and thus it will be difficult to efficiently launch light into a given mode. The
approximate measurement also neglects Fresnel losses due to reflections at the
end facets. A coupling loss of at least 1 dB per end face should be expected for
these waveguides and hence the measured loss is surprisingly low which is very
encouraging.
In optical waveguides, the propagation losses (α) can be given as a combina-
tion of [64],
αwaveguide = αabsorption + αscattering + αradiation (2.2)
LiNbO3 has a wide transparency range from 350 nm to 5 µm [5]. Considering
that the regions under an EDIT etched trench has no impurities and maintains
its bulk crystalline phase [23], absorption losses in such waveguides should be
negligible. Scattering losses can be of two types, surface scattering and volume
scattering. Surface scattering occurs mainly due to surface roughness. EDIT
etched trenches have been shown in Section 2.2 to possess an RMS surface rough-
ness of ∼1 nm which is similar to that of an untreated LiNbO3 substrate. Hence
it is fair to assume that such sources of loss would be insignificant in the case of
EDIT waveguides. Volume scattering losses on the other hand occurs due to im-
perfections and inhomogeneities in the waveguiding region. For EDIT waveguides
this could arise due to crystalline defects present within the crystal. Congruent
LiNbO3 is basically Li deficient and contains Li vacancies and Nb on Li site
defects [65]. The impact of such defects in the waveguiding region should be
investigated. Radiation losses are also possible in the case of EDIT waveguides
where light is primarily coupled to optical modes which are not confined in the
core of the waveguide and are radiated away. Ideally the modes supported by
an optical waveguide are orthogonal, indicating they do not interfere with each
other, however, due to waveguide imperfections causing variations in the refrac-
tive index or non-uniformity in waveguide dimensions along the waveguide length,
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the optical modes are perturbed and energy exchange takes place between them
[66]. EDIT waveguides can be susceptible to such losses as they are observed to
sensitive to the etch depth, especially in the case of the TM polarised light as
shown in Fig. 2.12. The increase in the waveguide loss for the TM mode with a
decrease in the etch depth can be correlated to the optical mode profiles of such
waveguides observed in Fig. 2.11. Here it can be observed that a shallower etch
provides weaker light confinement which can increase losses by light radiating
away from the waveguide into the substrate.
In conclusion, the insertion loss for x -cut y-propagating EDIT waveguides
were measured at 633 nm wavelength. The deepest etched trench, which was
formed using 7 µm-wide and 100-nm-thick Ti strip, showed the lowest loss for
both the TE and TM mode. The loss in the TM mode is more sensitive to etch
depth. The possible sources of loss in EDIT waveguides could be due to waveguide
imperfections resulting in volume scattering losses or losses due to coupling to
radiation modes.
2.4.8 Summary
To summarise, in Section 2.4.3, optical microscopy of the EDIT etched cross-
section evidenced the first observation of a localised increase in the refractive
index under etched trenches. Section 2.4.4 demonstrated optical waveguiding
under EDIT etched trenches on x -cut congruent LiNbO3 for trenches propagating
along the crystal y-axis. Control over the optical mode behaviour by varying the
etch depth was demonstrated in Section 2.4.5 and using this feature single mode
waveguides were fabricated at 633 nm wavelength. Furthermore, an asymmetric
behaviour was observed between the TE and TM modes where the TE mode was
more tightly confined which was not observed in previous studies. In Section
2.4.6 it was suggested that a possible surface modification is taking place which
is inducing stress under EDIT etched trenches. Finally, in Section 2.4.7, insertion
losses of x -cut y-propagating EDIT waveguides fabricated using 100-nm-thick Ti
strips of 3 µm to 7 µm widths in steps 0.5 µm were measured. The 7 µm EDIT
waveguide showed the lowest loss in the TE and TM modes where insertion losses
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in the TM mode exhibited etch depth sensitivity.
2.5 Summary and Conclusions
In this chapter the EDIT process was introduced and the characteristics of the
etched features obtained by this process were discussed. It was previously re-
ported that the region under an EDIT etched trench demonstrated optical waveg-
uide like behaviour. Optical microscopy aided observations of the EDIT etched
cross-section was performed, which presented first evidence of a refractive index
increase in the region under the etched trench. The region under the etched
trench was tested for optical waveguiding and it was observed that the region
under the etched trench supported optical modes.
An investigation into the optical waveguiding behaviour has demonstrated
that the guiding properties depend on the etch depth which has not been re-
ported previously. It was illustrated that increasing the etch depth increases
the number of modes supported. Using this characteristic, single mode waveg-
uides were fabricated at 633 nm wavelength. In all cases the TE mode was more
strongly guided than the TM mode. This presents the first observations of such
asymmetric behaviour of the TE and TM mode for EDIT waveguides.
In a preliminary investigation into the plausible causes of waveguiding it was
deduced that the observed refractive index increase is not due to the doping of
impurities such as Ti diffusion or proton exchange, or due to structural modi-
fication of the region under an etched trench. It is possible that some surface
modification within the EDIT etched region creates stress resulting in the ob-
served waveguiding.
The insertion losses of the EDIT waveguides were measured at 633 nm with
the 7 µm waveguide showing the lowest losses at 2.19 dB/cm in the TE mode. It
was observed that the loss of TM modes were relatively sensitive to the etch depth.
Waveguides under EDIT trenches appear to maintain the bulk crystalline
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properties of LiNbO3 without any impurities. This is advantageous in the fabri-
cation of nonlinear integrated optical devices. The following chapters will explore
the opportunity of realising such integrated optical devices and also conduct fur-
ther analysis on the surface of the EDIT etched trench to deduce the origins of
the observed optical waveguiding under EDIT etched trenches.
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Characteristics of EDIT for
different crystal orientations and
compositions of LiNbO3
3.1 Introduction
In Chapter 2, it was confirmed that the region under an EDIT etched trench is
an optical waveguide and supports optical modes. By varying the etch depth
the optical mode behaviour can be controlled. Using this feature, single mode
waveguides at 633 nm with modest propagation losses were fabricated. Addi-
tionally, previous material investigations have shown that the region under an
EDIT etched trench maintains the bulk crystalline properties and the material
composition remains unchanged. This suggests that such waveguides would be
suitable for applications in nonlinear integrated optics.
The EDIT waveguides in Chapter 2 were fabricated on x -cut congruent LiNbO3
crystals. For nonlinear integrated optics, z -cut crystals are desired, since it is
easier to fabricate periodically domain inverted structures along this orientation.
Such structures are used to implement Quasi-Phase Matching (QPM) techniques,
which facilitate coupling between the interacting optical waves, to increase the
efficiency of phase mis-matched nonlinear optical processes [15]. Furthermore,
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the waveguides demonstrated previously on x -cut crystals were fabricated in a
direction parallel to crystal y-axis. In this configuration it was observed that the
TE mode provided stronger light confinement when compared to the TM mode.
Such asymmetry in the optical waveguiding properties suggests crystal orienta-
tion dependence. For these reasons, it is important that EDIT waveguides are
characterised for various crystals orientations.
With respect to crystal composition, undoped congruent LiNbO3 (CLN) is
basically Li deficient. This manifests as intrinsic defects within the crystal lattice
yielding a relatively inhomogeneous crystal structure. A subsequent drawback
emerges where CLN suffers from photorefractive damage [65]. It occurs when the
crystal is operated at high light intensities, allowing defects to move preferentially
into or out of the regions of high optical intensity. This movement of defects can
cause changes in the refractive index, which is undesirable. A changing refrac-
tive index that is correlated to the shape of the optical beam can result in a
beam that tends to focus itself, leading to physical damage of the crystal, or a
beam that de-focusses itself, reducing its guiding properties at high intensities.
For relatively high powers, as are often used for quasi-phase matched wavelength
conversion, this photorefractive damage leads to intensity dependent fluctuations
in the optical properties, causing instabilities, which is undesirable. To mitigate
such effects, CLN needs to be operated at high temperatures, which increases
the ionic or dark conductivity, preventing a space charge build up within the
crystal [82]. Alternately, crystals such as stoichiometric LiNbO3 (SLN), where no
intrinsic defects exist [65], can be used or dopants, such as magnesium, can be in-
cluded in the crystal which generates free carriers when illuminated with intense
light. These free carriers can screen the in-built electric fields within the crystal,
suppressing the migration and the photorefractive effects of intrinsic defects [67].
Applying the EDIT technique to such crystals would aid in the realisation of
integrated optical devices, which could function at relatively high optical powers.
In this chapter the EDIT technique is utilised to fabricate waveguides on
different crystal orientations and compositions of LiNbO3. Initially, Section 3.2
reviews previous studies of EDIT for different crystal orientations of LiNbO3.
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Section 3.3 demonstrates optical waveguides in x -cut, y-cut and z -cut congruent
LiNbO3 (CLN) substrates, along various propagation directions, using the EDIT
technique. The EDIT technique is then applied to LiNbO3 crystals of different
compositions in Section 3.4, namely 5 mol% Mg-doped congruent LiNbO3 (Mg-
CLN) and stoichiometric LiNbO3 (SLN). Finally, Section 3.5 summarises the new
findings of this chapter.
3.2 Etching dependence of LiNbO3 on the crys-
tal orientation
LiNbO3 crystals are anisotropic in nature since the properties of LiNbO3 depend
on crystal orientation. The various crystal faces of LiNbO3 possess fairly distinct
surface properties which is reflected in their etching characteristics [68]. Reported
etching studies of LiNbO3 with respect to crystal orientation are generally asso-
ciated with chemically reactive wet and dry etching techniques which include
hydrofluoric (HF) acid etching and reactive ion etching (RIE).
In HF etching, it is well known that the various crystal faces exhibit different
etch rates with the −z face showing the fastest etch rate [68, 69]. It was reported
that the significantly higher rate observed for the −z face is due to its negative
polar nature, which facilitates the adsorption of H+ ions to form hydroxyl groups.
A strong presence of protons from the HF solution combines with the hydroxyl
groups to form H2O displacing oxygen and exposing the positively charged Li
+ or
Nb5+ ions, which are subsequently attacked by F− ions from the HF solution [20].
A positively charged +z face inhibits H+ adsorption making it less susceptible
to HF etching. Furthermore it was suggested that chemical bonding on the +z
face is much stronger as compared to the −z face, which further enhances its
resistance to etching [70]. The relatively low etch rates observed for the crystal
y faces or the absence of etching along crystal x faces is due to the relatively
stable bond terminations and non-polar behaviour of these surfaces [71]. In HF
etching, the −z face has the fastest etch rate followed by the −y and the +y face
respectively. The ±x faces and the +z face are highly resistant to HF etching
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[68, 69].
In RIE, a chemically reactive process is accompanied by energetic and physical
ion bombardment, where the process includes material interaction with acceler-
ated ions. As mentioned previously, in HF etching, F− ions can attack Nb and
Li ions resulting in the adoption of fluorine based gases like SF6, CF4, CHF3 and
NF3 for the etching process [43, 72]. The LiNbO3 wafer to be etched is generally
placed in a vacuum chamber between electrodes. The relevant reactive gas is
introduced into the chamber through an inlet at a constant flow rate. An RF
source is connected to the electrodes and it not only ionises the gas, but also
imparts kinetic energy to the ions. These are accelerated towards the substrate
where they essentially bombard the surface to weaken and expose it to the re-
active F− ions. The reactive F− ions now combine with the exposed Nb5+ ions
to form volatile halogenated compounds, which are easily etched off the crystal.
Here it must be noted that fluorine does combine with lithium as well to form
LiF, which is not volatile as it has a melting temperature of about 800 oC. An
undesirable side effect emerges where LiF redeposits on the substrates surface and
reduces the etching rate [73]. To avoid re-deposition, generally Ar is added to
the etching gas or the proton exchange of the substrate is performed prior to RIE
[73]. Despite a thorough search of the literature, a systematic study of RIE of the
various crystal faces of LiNbO3 has not been found, however, in some reports it
has been observed that x -cut substrates have a slower etch rate when compared
to z -cut substrates [74] and the −z face etches at a faster rate compared to +z
face [72]. The differential etching between the ±z faces occurs at low RF powers
and it was suggested that in this regime chemical reactions dominate the process.
Hence, the −z face etches at a faster rate compared the +z face [72]. However, at
high RF powers no difference in the etch rate for the ±z faces is observed [43, 72].
In EDIT, etch depth dependence on orientation has been observed in previ-
ous work [24]. This is significant when EDIT is employed to fabricate optical
waveguides since it was demonstrated in Section 2.4 that the optical waveguiding
characteristics depend on etch depth. Reviewing previous work on the orienta-
tion dependence of EDIT would ensure an appropriate design of experiments to
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investigate the application of the EDIT technique to fabricate optical waveguides
on various crystal orientations.
3.2.1 Crystal orientation dependence of EDIT
In the EDIT technique, described in Section 2.2, two LiNbO3 wafers are required
to perform the process. A ‘top’ wafer is etched, by placing it on top of a Ti
patterned LiNbO3 ‘bottom’ wafer, when annealed, in contact, in a wet oxygen
environment. Previous investigations have observed that the etch depth depends
on the crystal orientation of both the ‘top’ and the ‘bottom’ wafers [24, 50]. In
this chapter, the ‘top’ wafer is of interest as etched trenches produced in the ‘top’
wafer could be used as impurity free optical waveugides. In order to perform a
comparative study on the of EDIT trenches for different crystal orientations it is
essential that the processes occurring at the ‘bottom’ wafer are maintained con-
stant. By analysing the results obtained in previous investigations of the EDIT
technique for changes in crystal orientation of the ‘top’ and ‘bottom’ wafers, it
can be deduced which orientation would be suitable to implement as the ‘bot-
tom’ wafer, when investigating EDIT waveguides for different crystal orientations.
The EDIT technique was first discovered on x -cut Congruent LiNbO3 (CLN),
where, x -cut substrates were employed for the both the ‘top’ wafer and the ‘bot-
tom’ wafer [23]. Chapter 2 demonstrated EDIT of x -cut CLN, where the ‘bottom’
wafer was x -cut CLN, which was used to etch another x -cut CLN ‘top’ wafer.
Ref. [24] investigated the EDIT process for the x -face and the ±z -faces of CLN
using a 100-nm-thick and 5-µm-wide Ti strips. When a constant orientation of
x -cut is maintained as the ‘bottom’ wafer, the x -face and ±z -faces as ‘top’ wafers
showed similar etched depths, averaged at ∼163 nm with a 14% variation. How-
ever, when the ‘bottom’ wafer was replaced by +z and −z surfaces, the average
etch depths for the x -face and ±z -faces as ‘top’ wafers, reduced to ∼85 nm and
∼37 nm with variations of 58% and 30% respectively. The cause for such re-
ductions in etch depth were not established. Furthermore, in Ref. [50] it was
demonstrated that with z -cut employed as the ‘bottom’ wafer (surface polarity
was not mentioned), similar etch depths were observed on the ±z -faces. Here it
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should be noted that the crystal’s composition was 5 mol% Mg-doped congruent
LiNbO3 (MgCLN) for both the ‘top’ wafer and the ‘bottom’ wafer. When com-
pared to results published in Ref. [23] for x -cut CLN, the etch depths achieved
in the case of MgCLN were 3-5 times lower [50].
The influence of the crystal orientation on the etch depth in EDIT technique
can be comprehended by analysing the etching mechanism of EDIT depicted pre-
viously in Fig. 2.3. A close examination of EDIT reveals that there exists two
significant components to the process. One is the chemical aspect of the process,
where the reactive H+ ion species etches the ‘top’ wafer and the second is the
charge perturbation generated at the oxidised Ti film by the Ti diffusion into the
‘bottom’ wafer which facilitates the build up of a plasma of H+ ions to etch the
‘top’ wafer.
With respect to the investigations of EDIT on MgCLN in Ref. [50], it was
proposed that the decrease in etch depth in MgCLN, when compared to CLN,
was due to a lower diffusivity of Ti in MgCLN, which reduces the charge per-
turbation [50]. However, a lower diffusivity also indicates a lower concentration
of Nb5+ ions replacing Ti4+ ions. The outcome is a lower concentration H+ ions
generated at the etching interface. As demonstrated previously [49], a lower con-
centration of H+ ions also results in lower etch depths.
The varying etch depths observed when z -cut CLN is used as the ‘bottom’
wafer could be interpreted by considering the polar nature of the z surfaces. It
is widely accepted that the +z face is positively charged and −z face is nega-
tively charged [71]. When a change in the temperature occurs, charges can build
up on the ±z surfaces. This is generally termed as the pyro-electric effect [75].
Furthermore, Ti diffusion on the +z face can result in domain inversion in the
Ti diffused region [76] which affects the polarity of the surface. A combination
of such complex processes can influence the charge perturbation at the ‘bottom’
wafer and this possibly results in the varying etch depths observed in Ref. [24].
Since H+ ions play a major role in the EDIT process it was expected that the
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process would behave similar to the HF etching [24]. However, when the ‘bottom’
wafer is maintained constant as x -cut, a similar etch depth is obtained for both
the ±z -faces [24]. It appears that the proton affinity observed on −z face during
the HF etching does not occur during the EDIT process and a similar etch depth
is achieved regardless of the surface polarity of the ‘top’ wafer. Furthermore, in
RIE, the reactive species are negative F− ions whereas in EDIT positive H+ ions
are the reactive ion species. This might be explained due to the fact that EDIT
etching occurs at a greatly elevated temperature and the migration of H+ ions
into the crystal may not be as greatly impacted by the polarity of the surface as
it is at room temperature. This is similar to the highly energised environment
found in RIE.
In conclusion, when the ‘bottom’ wafer in kept constant as x -cut LiNbO3
similar etch depths can be obtained. In all other cases investigated previously,
with differing crystal compositions and orientations used for the ‘bottom’ wafer,
varying etch depths were obtained. It appears that in order to perform a rea-
sonable comparative study of the EDIT waveguides for different orientations of
the ‘top’ wafer, it is imperative that the ‘bottom’ wafer is maintained constant.
In this work, x -cut CLN has been chosen as the ‘bottom’ wafer to be used in all
experiments.
3.3 EDIT of different crystal orientations of con-
gruent LiNbO3
Section 3.2.1 established that in order to investigate the orientation dependence
of EDIT waveguides the ‘bottom’ wafer should be maintained constant and in this
work it was decided that the ‘bottom’ wafer would be x -cut CLN. In Chapter 2,
EDIT waveguides were fabricated on x -cut CLN crystals directed along the crys-
tal y-axis. Furthermore, Section 2.4.5 demonstrated the asymmetric behaviour
between the TE and TM modes along with its etch depth dependence. Since
LiNbO3 is inherently anisotropic in nature, it is of significance to investigate if
such anisotropy is also reflected in EDIT waveguides when they are fabricated
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along different crystal orientations. This would identify any limitations or oppor-
tunities of applying this technique along different orientations. In this section the
EDIT technique is now applied to z -cut and y-cut LiNbO3 crystals to fabricate
optical waveguides as observed previously in Section 2.4.5.
3.3.1 EDIT etching of x, y and z -cut congruent LiNbO3
It was previously reported that in the EDIT technique, when the ‘bottom’ wafer
is kept constant as x -cut CLN, a similar etch depth is achieved for the +z, −z and
x faces [24]. This presents preliminary evidence that the EDIT process does not
depend on crystal orientation, when the ‘bottom’ wafer is maintained constant
as x -cut CLN. If this is the case, then using the same conditions to etch trenches
on y-cut, as applied previously to x -cut CLN, would yield similar etch depths.
To investigate the orientation dependence of EDIT waveguides, 100-nm-thick
Ti strips of 3-µm to 7-µm-widths in steps of 0.5 µm patterned on the x -cut CLN
were used to etch the −x face, −y face and the −z face of x -cut, y-cut and z -cut
CLN crystals respectively. These crystal faces are conventionally used in the fab-
rication of optical waveguides [14]. Trenches were etched in the direction parallel
to the crystal y-axis for x -cut and crystal x -axis for y-cut and z -cut crystals.
For x -cut and y-cut crystals the chosen propagation directions are favourable
in the fabrication of coplanar electrodes for electro-optic devices, which apply
an electric field horizontally along the crystal z -axis [13]. With regards to z -
cut crystals, during the fabrication of periodic domain structures, it is easier to
control the domain shape along the crystal x -axis and hence this propagation
direction is chosen [77]. The three sets of samples were annealed at 1050 oC in
a wet O2 atmosphere for 15 hours, the same conditions used in Section 2.4 for
the fabrication of single mode waveguides at 633 nm wavelength. After the EDIT
process an Ambios-XP2 surface profilometer was used to measure the etch depths.
Fig. 3.1 presents the scanned profiles of the etched surfaces for x -cut y-
propagating, y-cut x -propagating and z -cut x -propagating trenches using 100-
nm-thick Ti film. The trenches correspond to the Ti strip widths of 3 µm to
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Figure 3.1: Etch depths for (a) x -cut y-propagating, (b) y-cut x -propagating and
(c) z -cut x -propagating EDIT etched trenches on CLN, etched using 100-nm-
thick Ti strips of 3 µm to 7 µm widths, in 0.5 µm steps, with x -cut CLN as the
‘bottom’ wafer.
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7 µm widths in 0.5 µm steps. The etch depth increases with the Ti strip width.
A comparison of the scanned profiles of the three etched surfaces show that a
similar etch depths (∼ 250 nm etch depth for 100-nm-thick and 7-µm-wide Ti
strip) have been achieved for all surfaces.
Thus, when the ‘bottom’ wafer is maintained constant as x -cut CLN similar
etch depths are achieved for the ‘top’ wafer regardless of crystal orientation.
3.3.1.1 EDIT etching of 128o rotated yx -cut congruent LiNbO3
The etch depths for the various crystal orientations observed in Fig. 3.1 have
shown that as long as the ‘bottom’ wafer remains constant as x -cut CLN, the
EDIT process does not discriminate on crystal orientation of the ‘top’ wafer.
This indicates that if the EDIT technique is implemented on non-standard crys-
tals such as 128o rotated yx -cut a similar etch depth can be expected.
Using the same fabrication conditions described previously for EDIT etching
of x, y and z -cut CLN, the EDIT technique was applied to SAW grade 128o ro-
tated yx -cut CLN, which is useful in SAW applications as they provide efficient
electro-mechanical coupling to surface acoustic waves [11].
Fig 3.2 presents the scanned etched surface of 128o rotated yx -cut CLN. When
compared to Fig. 3.1 it can be seen that a similar etch depth has been achieved
for 128o rotated yx -cut as well.
The etching of SAW grade wafers, such as 128o rotated yx -cut CLN, using
the EDIT technique, opens up the possibility of realising applications combining
SAW microfluidics with integrated optics. However, it should be noted that opti-
cal grade wafers would be required to implement such applications as SAW grade
wafers are generally less demanding in terms of impurities and crystalline defects.
Thus, for non-standard crystals orientations, such as SAW grade 128o rotated
yx -cut CLN, similar etch depths can be achieved as that observed on x -cut, y-cut
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Figure 3.2: Etch depths for a 128o rotated yx -cut x -propagating EDIT etched
trenches on CLN, etched using 100-nm-thick Ti strips of 3 µm to 7 µm widths,
in 0.5 µm steps, with x -cut CLN as the ‘bottom’ wafer.
and z -cut CLN crystals, when the ‘bottom’ wafer is maintained constant as x -cut
CLN.
3.3.2 EDIT waveguides on x, y and z -cut congruent LiNbO3
Section 3.3.1 demonstrated that when the ‘bottom’ wafer is maintained constant
as x -cut CLN similar etch depths can be achieved for x -cut, y-cut and z -cut CLN
crystals as depicted in Fig. 3.1. In this section the optical waveguiding prop-
erties of EDIT etched trenches on x -cut, y-cut and z -cut CLN are investigated.
Since the etch depth is similar for all surfaces one could predict that the optical
waveguiding properties should be similar as well.
To test this hypothesis, EDIT etched crystals fabricated in Section 3.3.1 were
diced and polished into 10 mm x 12 mm samples. Using the same optical setup
described in Section 2.4, the region under the EDIT etched trenches were tested
for optical waveguiding at 633 nm wavelength for all etched surfaces.
57
Chapter 3
7 μm5 μm3 μm
TE
TM
10 μm
7 μm5 μm3 μm
TE
TM
7 μm5 μm3 μm
TE
TM
(a)
(b)
(c)
x
z
y
z
z
y
Figure 3.3: Optical mode profiles at 633 nm wavelength, in TE and TM polarisa-
tions for EDIT etched trenches, etched by 3 µm, 5 µm and 7 µm width Ti strips
of 100-nm-thickness, using x -cut CLN as the ‘bottom’ wafer, for (a) x -cut, (b)
y-cut and (c) z -cut substrates. The trenches are aligned along the crystal y-axis
for x -cut and x -axis for y and z -cut substrates.
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Fig. 3.3 (a), (b) and (c) shows the modes supported by such trenches etched
by the 3-µm, 5-µm and 7-µm-wide Ti strip for x, y, and z -cut CLN crystals re-
spectively. Shallower trenches, obtained from 3-µm-wide Ti strips, show weaker
guiding as compared to deeper trenches, etched by 7-µm-wide Ti strips. In all
cases the waveguides appear single mode except in the case of the waveguide
etched by 7-µm-wide Ti strip for the TE mode in case of x -cut y-propagating
and y-cut x -propagating and TM mode in the case of z -cut x -propagating. For
x -cut and y-cut crystals the TE mode is more strongly confined than the TM
mode whereas in z -cut crystals the TM mode is more strongly confined than the
TE mode. This indicates that light polarised along the crystal z -axis is always
more strongly guided compared to light guided along crystal x or y axes. Com-
paring TM modes in Fig. 3.3 (a) with the TM modes in Fig. 3.3 (b) and TE
modes in Fig. 3.3 (c) reveals, that similar guiding behaviour can be expected if
light is polarised along the crystal x and y-axis.
Thus, x -cut y-propagating and y-cut x -propagating EDIT waveguides exhib-
ited similar optical waveguiding properties, where the TE mode shows stronger
light confinement as compared to the TM mode. In z -cut x -propagating EDIT
waveguides the TM mode shows stronger light confinement as compared to the
TE mode. This demonstrates that for light is polarised along the crystal z -axis
stronger waveguiding is achieved.
3.3.2.1 Change in the propagation direction of EDIT waveguides
In Fig. 3.3 it was observed that in EDIT waveguides, light is more tightly confined
when it is polarised along the crystal z -axis. If trenches are fabricated orthogonal
to the propagation directions depicted in Fig. 3.3, in the case x -cut and y-cut
substrates one would expect the TE and TM mode to have similar waveguiding
characteristics and in the case of z -cut substrates similar waveguiding character-
istics would be expected as that demonstrated in Fig 3.3 (c).
This hypothesis was tested by using the same EDIT processing conditions as
before, but now, trenches were etched on x -cut, y-cut and z -cut CLN crystals
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with trenches aligned parallel to the crystal z -axis for x and y-cut substrates
and y-axis for z -cut substrates. The etched samples were then scanned with the
profilometer to measure their etch depths and then diced and polished and finally
tested for optical waveguiding as described previously.
Fig. 3.4 shows the etch depths for x -cut z -propagating, y-cut z -propagating
and z -cut y-propagating trenches. When comparing Fig. 3.4 to Fig. 3.1 it can be
observed that in all cases, the etch depths are similar regardless of propagation
direction. This emphasises the etch depth independence of the crystal orientation
for the EDIT technique, when the annealing conditions and the ‘bottom’ wafer
are kept constant as x -cut CLN.
Fig. 3.5 shows the TE and TM modes of the of x -cut and y-cut z -propagating
and z -cut y-propagating EDIT waveguides. Similar behaviour can be observed
in the optical modes for x -cut and y-cut z -propagating EDIT waveguides. The
waveguide is multimode only in the case of z -cut y-propagating waveguide in the
TM mode which is similar to z -cut x -propagating waveguides shown in Fig. 3.3
(c). This supports the assertion that the refractive index contrast of the waveg-
uides should be related to the achieved etch depth; irrespective of the crystal
orientation of LiNbO3.
In conclusion, for EDIT trenches of similar etch depths, light polarised along
the crystal x and y-axis show similar guiding behaviour. When light is polarised
along the crystal z -axis relatively stronger light confinement is achieved as com-
pared to light polarised along the crystal x and y-axis. The next section explains
the reason for such behaviour.
3.3.3 Reasons for stronger guiding along crystal z -axis
In Section 3.3.2, EDIT waveguides were demonstrated in x -cut, y-cut and z -cut
CLN crystals for various propagation directions. It was observed that light is
relatively tightly confined when polarised along the crystal z -axis as compared
to the x and y-axis. This section examines the reason behind relatively stronger
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Figure 3.4: Etch depths for (a) x -cut z -propagating, (b) y-cut z -propagating and
(c) z -cut y-propagating EDIT etched trenches on CLN, etched using 100-nm-
thick Ti strips of 3 µm to 7 µm widths, in 0.5 µm steps, with x -cut CLN as the
‘bottom’ wafer.
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Figure 3.5: Optical mode profiles at 633 nm wavelength, in TE and TM polarisa-
tions for EDIT etched trenches, etched by 3 µm, 5 µm and 7 µm width Ti strips
of 100-nm-thickness, using x -cut CLN as the ‘bottom’ wafer, for (a) x -cut, (b)
y-cut and (c) z -cut substrates. The trenches are aligned along the crystal z -axis
for x and y-cut substrates and y-axis for z -cut substrates.
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waveguiding along the crystal z -axis.
In Section 2.4.6 it was proposed that the possible cause for the observed refrac-
tive index change in EDIT waveguides could be stress, which causes a refractive
index change along all crystallographic directions. The stronger waveguiding ob-
served along the crystal z -axis can be interpreted from examining the crystal
structure of LiNbO3 which was illustrated in Fig. 1.1. The Li ion, whose bonding
in the crystal is more ionic in nature [70], is fairly mobile along the crystal z -axis.
This makes the Li ion more susceptible to shift its position in the crystal lattice
along the crystal z -axis, under the application of stress. The stress induced re-
fractive index change in LiNbO3 is governed by the electro-optic effect and the
strain-optic or photo-elastic effect. By examining the equations that describe
these effects, the observed stronger waveguiding along the crystal z -axis could be
explained.
Refractive index change due to stress in a LiNbO3 crystal can be formulated
through the strain-optic or photo-elastic and electro-optic effects and is described
by the following equation [78],
∆
(
1
n2i
)
=
6∑
k=1
pikSj +
3∑
j=1
rijEj (3.1)
Where, pik is the photo-elastic tensor, Sj is the component of strain, rij is the
electro-optic tensor and Ej is the component of the electric field. The electro-
optic effect is a secondary effect and essentially comes into play since LiNbO3
is piezoelectric along the crystal z -axis. Strain induced in LiNbO3 along this
direction causes a space charge build up via the piezoelectric effect. This creates
an electric field which can cause a change in the index via the electro-optic effect.
For a thin layer on the surface which is inducing stress on the underlying substrate
it is sufficient to consider only the principle strains [79], S1 S2 and S3. LiNbO3
being piezoelectric only along the z -axis, E3 is the only relevant electric field
component. Using the relevant tensor coefficients [10] Equation (3.1) turns to,
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∆
(
1
n21
)
= [(p11S1 + p12S2 + p13S3) + (r13E3)] (3.2)
∆
(
1
n22
)
= [(p12S1 + p11S2 + p13S3) + (r13E3)] (3.3)
∆
(
1
n23
)
= [(p31S1 + p31S2 + p33S3) + (r33E3)] (3.4)
n1 and n2 are essentially no and it can be seen that Equations (3.2) and (3.3) are
equivalent. n3 is basically ne. Hence, the refractive index change for no and ne
can be written as,
∆no = −
(
n3o
2
)
[(p11S1 + p12S2 + p13S3) + (r13E3)] (3.5)
∆ne = −
(
n3e
2
)
[(p31S1 + p31S2 + p33S3) + (r33E3)] (3.6)
In the case of x -cut and y-cut z -propagating waveguides the TE and the TM
modes both interact with no and hence, similar waveguiding behaviour is observed
in Fig. 3.5 for both polarisations. Along the crystal x and y axes the photo-elastic
and electro-optic coefficients are p11 = 0.036, p12 = 0.072, p13 = 0.135, r13 = 7.7
pm/V which are of relatively smaller value than those along the z -axis which are
p31 = 0.178, p31 = 0.178, p33 = 0.066, r33 = 28.8 pm/V [10]. This indicates for
similar values of strain a relatively higher index change will always be achieved
for ne. This leads to relatively stronger waveguiding along the crystal z -axis than
along the x and y-axis for trenches of similar etch depths.
In Section 2.4.6, it was suggested that observed waveguiding phenomenon
could be similar to strain induced waveguides in LiNbO3. In the previously pub-
lished demonstration of these waveguides, a static strain was induced when a thin
film of SiO2 was deposited on a LiNbO3 substrate at high temperature and was
then cooled down to room temperature [62]. A mismatch between the thermal
expansion coefficients of the thin film and the substrate caused a strain induced
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refractive index change. Such waveguides have been demonstrated experimentally
[62] and have been modelled as well [80, 81]. In all these cases, it was observed
that light polarised along the crystal z -axis was more strongly guided. However,
this was demonstrated only for x -cut y-propagating waveguides, whereas EDIT
waveguides were demonstrated in x, y and z -cuts along the x, y and z propagation
directions. This demonstrates the versatility EDIT waveguides when compared
to thin film strain induced waveguides. The change in waveguiding behaviour for
change in propagation direction would make structures such as 90o radial bends,
challenging to implement using EDIT waveguides on x and y-cut substrates but
relatively simpler on z -cut substrate as it was seen in Fig. 3.3 (c) and Fig. 3.5
(c) that for z -cut crystals, waveguiding properties do not change substantially for
change in propagation direction.
In conclusion, the stress induced refractive index change in LiNbO3 crystals
results in a relatively higher index change along the crystal z -axis than the x and
y-axis. This would provide relatively stronger light confinement for light polarised
along the crystal z -axis and such behaviour is observed in EDIT waveguides. This
presents evidence of the stress nature of EDIT waveguides.
3.3.4 Summary
In this section, the goal was to fabricate EDIT waveguides on z -cut and y-cut
CLN crystals as observed previously on x -cut CLN crystals. In Section 3.3.1 the
EDIT technique was extended to z -cut CLN crystals and for the first time to
y-cut and 128o rotated yx -cut CLN crystals. It was found that as long as the
‘bottom’ wafer remains constant as x -cut CLN, trenches etched by the EDIT
process do not depend on the crystal orientation of the ‘top’ wafer.
Section 3.3.2 investigated the optical waveguiding properties on x -cut, y-cut
and z -cut crystals. This section demonstrated the first observation of optical
waveguiding on both y-cut and z -cut crystals. The optical waveguiding char-
acteristics were compared for x, y and z -cut orientations which included their
testing along various crystal propagation directions. In all cases it was seen that
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stronger waveguiding always occurred for light polarised along the crystal z -axis.
The reasons for relatively stronger waveguiding along the crystal z -axis was
reviewed in Section 3.3.3. It was deduced that such behaviour is generally exhib-
ited by waveguides formed due to stress in LiNbO3 crystals, which supports the
proposition that EDIT waveguides are formed due to stress.
In conclusion, when the ‘bottom’ wafer is maintained constant as x -cut CLN,
the EDIT technique does not discriminate on the crystal orientation of the ‘top’
wafer and in all cases a similar etch depth is achieved. Optical waveguiding was
demonstrated for x, y, and z -cut crystals and in all cases the waveguides exhibit
stronger waveguiding for light polarised along the crystal z -axis indicating the
stress nature of EDIT waveguides.
3.4 EDIT of different crystal compositions of
LiNbO3
In the previous section, the EDIT technique was used to fabricated waveguides
on y-cut and z -cut congruent LiNbO3 (CLN) crystal orientations. It was estab-
lished that by consistently maintaining x -cut CLN as the ‘bottom’ wafer, similar
etch depths are obtained on the ‘top’ wafer, regardless of its orientation. Single
mode waveguiding at 633 nm wavelength was observed on y-cut and z -cut crystals
with the waveguides exhibiting similar behaviour to those observed on x -cut CLN.
Optical waveguides on z -cut LiNbO3 crystals are important for applications
in nonlinear optics [15]. However, at high optical intensities CLN often suffers
from photorefractive optical damage. This occurs as electrons/holes in CLN are
excited into the conduction/valence band when subjected to high optical inten-
sities. If the crystal is inhomogeneously illuminated, ionic defects along with
exited electrons/holes migrate into darker regions and over time a space-charge
field is developed. This intensity dependent field modulates the refractive index
in LiNbO3 via the electro-optic effect causing a change in the refractive index,
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which distorts the optical beam [82]. In LiNbO3 waveguides, such effects cause a
change in the index of the core and result in spreading of optical mode making it
less confined in the core [83]. This presents a significant disadvantage, especially
in nonlinear integrated optics, where such changes cause a shift in phase matching
wavelengths. Overall, this can create significant instability when operating these
devices in the nonlinear regime. In order to alleviate such effects, the LiNbO3
waveguides can be operated at elevated temperatures to allow the ionic defects to
be freely mobile such that the impact of the photorefractive effect is diminished
[15]. Alternately, substrates such as 5 mol % Mg-doped congruent LiNbO3 (Mg-
CLN) or stoichiometric LiNbO3 (SLN), which suppress photorefraction, can also
be used. Doping CLN with Mg2+ ions increases the photo-conductivity, which
assists in shielding the space charge fields and SLN possesses a relatively homoge-
neous crystal structure with very few defects and thus there are few ionic defects
to migrate under the influence of intense illumination and hence the photorefrac-
tive effect is reduced. Both SLN and MgCLN also have the added advantage that
they can be domain engineered at relatively lower electric fields [67]. Because of
the utility of SLN and MgCLN for applications with high intensity light, in this
section the EDIT technique is applied to z -cut MgCLN and SLN with the aim to
fabricate waveguides similar to those seen in Section 3.3 for z -cut CLN.
3.4.1 EDIT of congruent, Mg-doped and stoichiometric
LiNbO3
Despite an extensive review of literature, it would appear that a systematic com-
parative study of any etching technique on LiNbO3 crystals of varying composi-
tion has not been reported. Inductive Coupled Plasma (ICP) RIE studies, using
SF6 gas, on x -cut 6.5 mol% Mg, 0.5 mol% Nd co-doped LiNbO3 and y-cut CLN
have been reported in Ref. [43] and their etch rates were found to be fairly similar.
HF etching of z -cut CLN and MgCLN has also been compared, but this inves-
tigation was in the context of the shapes of micro-domains [84]. EDIT of z -cut
MgCLN has been performed previously [50], where the etch depths achieved were
found to be 3-5 times lower than those obtained in a previous study on x -cut CLN
[23]. However, a straightforward comparison between the etching characteristics
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of the z -cut MgCLN of [50] and x -cut CLN of [23] is unreasonable as the ‘bottom’
wafers used in both experiments were different. In the study of EDIT on z -cut
MgCLN [50], the ‘bottom’ wafer used was z -cut MgCLN and in the case of EDIT
on x -cut CLN [23], the ‘bottom’ wafer was x -cut CLN. If a fair comparison of the
etching characteristics of different crystals compositions of LiNbO3 is intended,
it is imperative that the ‘bottom’ wafer is fixed as x -cut CLN and the processing
conditions are maintained constant for each ‘top’ wafer crystal composition.
In order to compare the EDIT etching characteristics of MgCLN and SLN with
CLN, 100-nm-thick Ti strips of 3-µm to 7-µm-thick widths in steps of 0.5 µm,
patterned on x -cut CLN, were used as the ‘bottom’ wafer to etch the −z face of
z -cut CLN, MgCLN and SLN as the ‘top’ wafer. In all cases the trenches were
fabricated in a manner such that they are directed along the crystal x -axis. The
same annealing conditions described previously in Section 3.3 were employed. Af-
ter the EDIT process an Ambios-XP2 surface profilometer was used to measure
the etch depths.
Fig. 3.6 (a), (b) and (c) presents the etch depths for z -cut CLN, MgCLN and
SLN respectively. Comparing Fig. 3.6 (a) and (b) it can be seen that the etch
depths for CLN and MgCLN are quite similar (∼250 nm for 7 µm etched trench)
but from Fig. 3.6 (c), it can be seen that the etch depth for SLN is comparatively
very shallow (∼50 nm for 7 µm etched trench). To ascertain the cause of this
reduction in etch depth, the mechanism of the EDIT process illustrated in Fig
2.3 has to be revisited.
The EDIT process was proposed to include a combination of two significant
mechanisms. One is the charge perturbation generated at the Ti diffusing ‘bot-
tom’ wafer, which results in the generation of H+ ions. The second is the reactive
etching of the ‘top’ wafer by the H+ ions. In order to perform a fair comparison,
the ‘bottom’ wafer was maintained as x -cut CLN, with the objective of main-
taining the physical mechanisms transpiring at the ‘bottom’ wafer as constant.
Only the case of SLN exhibited any significant change in the etch depth, being
shallower when compared to other results. If the generation of H+ ions at the
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Figure 3.6: Etched surface profile of EDIT etched trenches for z -cut (a) Congruent
LiNbO3 (CLN), (b) 5 mol% Mg-doped Congruent LiNbO3 (MgCLN) and (c)
Stoichiometric LiNbO3 (SLN), etched using 100-nm-thick Ti strips of 3 µm to
7 µm widths, in 0.5 µm steps, with x -cut CLN as ‘bottom’ wafer. The trenches
are aligned along the crystal x -axis.
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surface of the ‘bottom’ wafer is deemed to be equivalent for all three cases, then
it follows that the generated H+ ions are less effective at etching SLN than CLN
or MgCLN. To investigate whether it is reasonable that H+ ions should be less
effective at etching SLN than CLN and also whether it is expected that H+ ions
should have equivalent etching behaviour on both CLN and MgCLN, first the
affect of change in stoichiometry is analysed.
The material LiNbO3 is basically a pseudo-binary system of Li2O and Nb2O5.
The system is characterised by the cation ratio given as, R1 = [Li]/[Nb] or
R2 = [Li]/([Li]+[Nb]) [65]. When the cation ratio is R1 = 1 or R2 = 0.5 it
indicates there is an equal amount of Li and Nb cations in the material, which is
the composition of SLN [65]. CLN crystals are basically Li deficient with R2 =
0.4845. This deviation away from stoichiometry introduces two kinds of lattice
defects. Vacant Li site defects (VLi) from the deficiency of Li, and Nb on Li
site defects NbLi. Considering that SLN does not contain any lattice defects it
would be fair to assume that incorporation of H+ ions into such crystals would
be difficult. This is supported by the fact that the diffusion coefficients of H+
ions is reduced by almost 50% in SLN when compared to CLN during the proton
exchange process [85]. However, this postulate does not hold true when one con-
siders MgCLN. The diffusion coefficients of H+ ions in MgCLN during the proton
exchange process is also reduced by 50% [86, 87] when compared to CLN. This
does not explain the similar etch depths achieved for MgCLN and CLN in the
EDIT process.
To comprehend the similarity of etch depths observed in CLN and MgCLN,
initially, their defect structures are compared. As explained previously CLN is
Li deficient and contains VLi and NbLi defects. Doping CLN with 5 mol% Mg
i.e. MgCLN still maintains VLi defects but now all NbLi defects are completely
replaced by Mg on Li site defects (MgLi) [88]. The existence VLi defects in both
CLN and MgCLN is common to both materials that are etched effectively and
thus appears to be influential to the EDIT process. The deficiency of Li creates an
intrinsic structural disorder in the crystal and this can be quantified by examining
the infrared (IR) absorption spectra of LiNbO3 [89].
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In IR absorption spectroscopy, the material under test is excited with light
at IR wavelengths. The chemical bonds of a material have specific resonances at
infrared frequencies and thus absorb strongly at these resonances. Observation
of the infrared absorption spectrum of a crystal, can enable interrogation of the
characteristics of the chemical bonds in the crystal. In the case of LiNbO3, IR
spectroscopy has been used extensively to monitor the presence of hydrogen in
the crystal, in the form of an impurity or as a dopant in proton exchanged waveg-
uides [90, 91]. Furthermore, it has been also used as a tool to study the crystal
structure and composition [92, 93]. By analysing the IR spectra of the relevant
crystal compositions from previous work, it is possible to deduce the character-
istics of hydrogen incorporation in such crystals and hence, its influence on the
crystal properties.
The IR absorption spectra of SLN is narrowband and well defined with a
halfwidth of <3 cm−1 and the absorption peak located at ∼3466 cm−1 [94]. This
signifies that even when hydrogen is incorporated into the lattice structure, it
still maintains its crystalline homogeneity. It is possible that during the EDIT
process, when H+ ions are incorporated into SLN, it doesn’t result in a significant
disorder to the crystal structure, which makes it less susceptible to etching.
In contrast, the IR absorption spectra of CLN and MgCLN is fairly broad-
band. In CLN, the IR spectra is characterised by an absorption peak at ∼3482
cm−1 having halfwidth of ∼30 cm−1 (an increase by a factor of 10 compared to
SLN) [94, 95]. MgCLN has a similar spectra except the peak is shifted to ∼3500
cm−1 [87, 95]. A broad absorption band signifies an inhomogeneous crystal struc-
ture where multiple sites are available for hydrogen to exist in the crystal lattice
[89]. The incorporation of hydrogen into such sites can further distort the crystal
structure to weaken it and hence, make it more susceptible to etching. In the
case of EDIT of CLN it has been suggested that formation of HNbO3 could occur
at the surface of the ‘top’ wafer, which is unstable at high temperatures and is
easily etched away [49, 50]. Furthermore, an investigation into the proton ex-
change characteristics of y-cut MgCLN has reported that it is easier to generate
HNbO3 phase on MgCLN as compared the CLN [96]. It could be suggested that
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the presence of VLi in both CLN and MgCLN facilitates the formation of HNbO3,
which results in similar etch depths obtained for both these crystals.
In conclusion, the EDIT technique was applied to z -cut CLN, MgCLN and
SLN. CLN and MgCLN showed relatively similar etch depths but significant
reduction in the etch depth was observed for SLN. It was suggested that VLi
defects are of significance to the EDIT process.
3.4.2 Optical waveguiding in stoichiometric and Mg-doped
LiNbO3
In the previous section, it was discovered that for similar EDIT processing pa-
rameters a very shallow etch depth is attained for SLN. As observed previously
in Section 2.4.4, shallow trenches lead to relatively weak optical guiding. An
attempt was made to observe the optical waveguiding under the shallow trenches
etched in SLN, however no optical waveguiding was observed.
Since EDIT of CLN and MgCLN results in similar etch depths, it is reason-
able to expect that their optical waveguiding properties should also be similar.
The trenches fabricated in Section 3.4.1 were diced and polished on either end
and tested for optical waveguiding at 633 nm wavelength using the same setup as
explained previously in Section 2.4.4. The optical modes supported by trenches
in z -cut MgCLN are shown in Fig. 3.7 (a). For comparison, Fig. 3.7 (b) shows
the optical modes supported by trenches in z -cut CLN, fabricated previously in
Section 3.3.2. When Fig. 3.7 (a) is compared to Fig. 3.3.2 (b) it can be seen that
the optical waveguiding characteristics for MgCLN are very similar to that of
CLN, where light polarised along crystal z -axis is more strongly guided and the
waveguide is multimoded only in the case of the TM mode for the 7 µm waveguide.
The observation of similar optical waveguiding behaviour for MgCLN and
CLN provides further support for the strong relationship between the etch depth
of the trench and the strength of optical waveguiding. Furthermore, the ability
to form EDIT waveguides in MgCLN is an important first step towards the use
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Figure 3.7: Optical mode profiles at 633 nm wavelength, in TE and TM polarisa-
tions for EDIT etched trenches, etched by 3 µm, 5 µm and 7 µm width Ti strips
of 100 nm thickness, with x -cut CLN as the ‘bottom’ wafer, for (a) z -cut 5 mol
% Mg-doped congruent LiNbO3 and (b) z -cut congruent LiNbO3. The trenches
are aligned along the crystal x -axis.
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of these new waveguides for high power optical applications.
In conclusion, as CLN and MgCLN have similar etch depths, they also possess
similar optical waveguiding characteristics. EDIT waveguides in MgCLN could
be utilised in applications which require high optical powers.
3.4.3 Summary
A systematic study into EDIT of z -cut CLN, MgCLN and SLN was performed.
In all cases a constant x -cut orientation was maintained for the ‘bottom’ wafer.
It was observed that under similar EDIT processing conditions a significant re-
duction in the etch depth is obtained for SLN. Through analysis of the physical
structure of SLN and CLN it was deduced that VLi defects play an important
role in the EDIT process. EDIT trenches on MgCLN were tested for optical
waveguiding and its characteristics were found to be similar to those observed on
CLN. This section presented the first demonstration of EDIT of SLN and EDIT
waveguides on MgCLN.
3.5 Summary and Conclusions
A detailed investigation on the application of the EDIT technique to various
LiNbO3 crystal orientations and compositions was performed. This chapter pre-
sented the first demonstration of EDIT on y-cut CLN and z -cut MgCLN and
SLN. It was observed that the EDIT technique is independent of crystal orien-
tation as long as the ‘bottom’ wafer is kept constant as x -cut CLN. Similar etch
depths were achieved for x, y, 128o rotated yx and z -cut CLN, and z -cut MgCLN
crystals. A significant reduction in the etch depth was observed only in case of
z -cut SLN crystals and this was attributed to the absence of VLi defects.
Optical waveguiding was demonstrated under EDIT trenches for the first time
on y and z -cut CLN and z -cut MgCLN crystals. In all cases light polarised along
the crystal z -axis is strongly guided, which has been attributed to the inherent
anisotropy present in LiNbO3. This supports the hypothesis that stress is the
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cause of such waveguides.
In conclusion, single mode EDIT waveguides at 633 nm wavelength were fab-
ricated on different crystal orientations and compositions. Similar optical waveg-
uiding characteristics were observed in all cases. The fabrication of EDIT waveg-
uides on z -cut LiNbO3 is significant in the realisation of nonlinear integrated
optical devices using this waveguide fabrication technique.
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Optical waveguides produced in
LiNbO3 by a topography change
and surface tension reshaping
4.1 Introduction
Chapter 2 demonstrated the fabrication of optical waveguides in x -cut CLN using
the EDIT technique. In Section 2.4.6 it was hypothesised that stress generated,
due to a surface modification of the etched trench, was the reason behind the
observed waveguiding. In Chapter 3 the versatility of the EDIT technique was
investigated where EDIT waveguides were fabricated on y-cut and z -cut CLN and
z -cut MgCLN. In all cases it was observed that light polarised along the crys-
tal z -axis was always strongly guided when compared to the other crystal axes.
These observations support the hypothesis that the observed waveguiding be-
haviour is due to stress. If stress is indeed the reason behind the observed optical
waveguiding under EDIT etched trenches the question still remains, what is caus-
ing this stress? In this chapter, the goal is to investigate the possible mechanism
which results in the formation of optical waveguides under EDIT etched trenches.
This chapter is organised as follows: Section 4.2 investigates the possible sur-
face modifications on the surface of an EDIT etched trench which could result in
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stress and hence the formation of optical waveguides. In this section a hypothesis
is developed that surface tension reshaping is playing a role in inducing stress on
the underlying substrate. Section 4.3 tests this hypothesis to reveal the physi-
cal mechanism behind optical waveguiding under EDIT etched trenches. Finally,
Section 4.4 summarises the findings of this chapter.
4.2 Possible surface modifications within EDIT
trenches
Optical waveguide fabrication in LiNbO3 has been well researched [36]. In general
waveguide structures for integrated optics can be fabricated by defining the geom-
etry of the waveguide cross-section such as ridge, strip or inverted rib structures,
or by inducing a localised change in the substrate, which creates an increase in
the index relative to the surrounding area. Such configurations were discussed in
Section 2.4.1 and EDIT waveguides are of the latter type where a localised in-
dex increase occurs under the etched trench. Section 2.4.6 examined the various
waveguide fabrication techniques of creating a localised index change in LiNbO3
in order to deduce the possible origins of optical waveguiding observed under
EDIT trenches. It was proposed that the observed refractive index change could
be due to stress, which would arise from a possible surface modification in the
etched region, at the 1050 oC annealing temperature. This modified surface in
the EDIT etched region, may possess a different thermal expansion coefficient
than the underlying LiNbO3 substrate. Since the modified surface is generated
at 1050 oC, when it is cooled to room temperature, the mismatch in the ther-
mal expansion could induce stress and cause a refractive index increase via the
photo-elastic effect. In this section the possible changes in the surface properties
of EDIT trenches are probed in order to deduce the physical mechanism, which
results in optical waveguides under EDIT etched trenches.
4.2.1 Surface amorphisation
Amorphous LiNbO3 will possess a very different thermal expansion coefficient
as compared to crystalline LiNbO3. If amorphous LiNbO3 is generated at high
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temperatures, then, on cooling to room temperature amorphous and crystalline
LiNbO3 will contract by different amounts and this will induce stress. As amor-
phous LiNbO3 solidifies, this stress will be frozen into the structure and could
create in an increase in the refractive index via the photo-elastic effect and result
in optical waveguiding.
In previous materials analysis it was demonstrated that the crystallinity un-
der an EDIT etched surface exhibits no significant differences when compared
to an untreated wafer [23, 50]. However, the techniques employed possessed a
nominal depth resolution in the order of microns. A useful technique to detect
an amorphous layer at the surface is Piezoresponse force microscopy (PFM). It
is a specialised case of AFM where, along with the surface topology the piezo-
electric properties of a substrate can be measured. It has been specifically used
to visualise the orientations of ferroelectric domains in ferroelectric crystals [97].
The sample to be measured is placed on a conductive plate, which is grounded.
The top surface is probed with a conductive tip, to which an oscillating voltage
is applied. The amplitude of the oscillating voltage is 5 - 15 V peak-to-peak
and its frequency is in the range of 5 - 50 KHz, which is less that the resonance
frequency of the conductive tip. Through the inverse piezoelectric effect, an ap-
plied voltage results in mechanical deformation, which is registered through the
scanning tip. For z -cut LiNbO3, where ferroelectric domains are oriented normal
to the crystal surface, the PFM response is characterised by a high contrast or
a 180o phase shift in signal intensity between ferroelectric domains of opposite
polarity. The phase shift occurs at the interface between oppositely polarised
domains, which is termed as a domain wall. When a ferroelectric substrate like
LiNbO3 becomes amorphous, it loses its piezoelectricity. The PFM response of
such regions is characterised by a mean grey level or the PFM signal intensity
has a value approximately in between the regions of maximum value [98]. In
UV laser based structuring of ferroelectric domains on LiNbO3, when relatively
high laser powers are employed it damages the crystal and an amorphous layer
develops at the surface [99]. In this case, PFM was employed as a tool visualise
inverted domains and amorphous layers formed on the surface. The amorphous
layers had a thickness in the order of 100 nm [99].
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Using a PFM, the EDIT etched trench can be profiled, to discern if the EDIT
process has created an amorphous layer on the etched region. A 100-nm-thick
and 7 µm-wide Ti strip on x -cut CLN was used to fabricate a trench on the −z
face of z -cut CLN using the EDIT technique in a similar manner as in Section
3.3.1. Before probing the etched trench, a standard Periodically Poled Lithium
Niobate (PPLN) sample was scanned as a reference measurement. In PPLN
the ferroelectric domains of the crystal are periodically inverted over the crystal
length. Hence, when a PPLN sample is scanned with a PFM, its response is
characterised by two distinct regions with maximum and minimum signal levels
indicating positive (+z ) and negative (−z ) domains respectively. At the domain
wall a 180o phase shift of the PFM signal occurs. Using PPLN as a reference
provides reasonable indication of the expected signal values corresponding the
+z and −z domains. After the PFM measurement of PPLN, the EDIT etched
trench was then scanned with the PFM to test for surface amorphisation.
Fig. 4.1 (a) shows the 2D PFM response of PPLN sample and Fig. 4.1 (b)
presents the line scan of the PFM signal. The PFM response illustrates a clear
contrast between the +z and the −z domains. In the line scan, a 180o phase shift
is clearly visible at the domain walls reflecting the contrast observed between the
inverted domains. Fig. 4.1 (c) presents, the smooth surface topography of EDIT
etched trench; Fig. 4.1 (d) presents the 2D PFM response of the etched trench
and Fig. 4.1 (e) presents a 1D line scan of the etched surface topography in Fig.
4.1 (c) and its respective PFM signal in Fig. 4.1 (d). In Fig. 4.1 (d), no contrast
is visible in the PFM response of the etched trench. The line scans of the surface
profile and the PFM signal in Fig. 4.1 (e), illustrates clearly that no change in
the PFM signal occurs both inside and outside the etched trench. This indicates
that the EDIT process does not create an amorphous layer in the etched region.
It should be noted, that the PFM has a depth resolution of 1.7 µm to measure an
inverted ferroelectric domain [97], however, if an amorphous layer were present,
it would be reasonable to expect some perturbation of the PFM response. Since
there is no evidence of any change in the PFM response across the trace, it can
be concluded that if there is an amorphous layer, it is well below 100 nm in
thickness. This result is taken as conclusive proof that there is no significant
79
Chapter 4
(a) (b)
PF
M 
Re
sp
on
se
 [a
.u.
]
-3
-2
-1
0
1
Etc
h D
ep
th
 [n
m]
-300
-200
-100
0
100
Scan Length [μm]0 10 20 30 40 50
500
500
10
20
PF
M 
res
po
ns
e [
a.u
.]
-2
-1
0
1
2
Scan Length [μm]0 5 10 15 2020 μm0
12 μm
PFM response of PPLN
with inverted domains Line scan of the PFM response with 180  phase shift at domain wallo
Surface profile of 
EDIT etched trench
PFM response of 
EDIT etched trench
Line scan of PFM response
compared with line 
scan of etched profile
+Z
Z_
(c)
(d)
(e)
Figure 4.1: (a) 2D PFM response of a standard PPLN, (b) Line scan of the PFM
response in (a), the (c) surface topology of the EDIT etched trench on the −z
face of z -cut CLN, etched using a 100-nm-thick and 7 µm-wide Ti strip, with
x -cut CLN as the ‘bottom’ wafer, the (d) 2D PFM response of etched surface in
(c), the (e) line scans of the surface topology in (c) and the PFM response in (d).
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amorphous layer present on the trench and hence it cannot be considered as a
cause of the observed waveguiding.
4.2.2 Surface smoothness
One aspect of the EDIT etched surface which is often mentioned is its smooth-
ness, as illustrated in Fig 4.1 (c). The RMS roughness is ∼1 nm, similar to
an untreated LiNbO3 wafer [23]. It has been recently demonstrated that when
relatively rough micro-structures in LiNbO3 are heated to 1130
oC, preferential
surface reformation occurs and due to surface tension effects the surface reshapes
to form a very smooth micro-structure [100]. It should be noted that this oc-
curs without any degradation of the ferroelectric properties of LiNbO3 as proven
through PFM measurements and demonstration of subsequent poling of such re-
flowed surfaces [38].
In Section 4.2.1 it was assumed that LiNbO3 would need to ‘melt’ and ‘amor-
phise’ in order to form a modified surface, which would freeze in stress. Based on
the observations in Ref. [100], it seems that it is actually possible to reflow the
surface of LiNbO3 to minimise surface tension during annealing at high temper-
atures. It is imagined that the movement of the surface will reduce the surface
energy by minimising the surface area at elevated temperature, however, once the
crystal is returned to room temperature, its geometry will change significantly
and as it contracts and the reshaped surface will freeze. This reshaped LiNbO3
may become a source of stress at room temperature, which leads to a new hy-
pothesis. Is it possible that rather than amorphising, the surface of the LiNbO3
trench is simply reshaping during the EDIT process while maintaining its ferro-
electric crystal structure? It should be noted that the EDIT process takes place
at 1050 oC. If surface tension reshaping is the cause behind the smooth surfaces
observed in EDIT trenches it needs to be established whether surface reflow can
occur at all, at the relatively lower temperatures of the EDIT process.
If rough micro-structures become smooth by annealing them at the same tem-
perature of the EDIT process it would confirm the occurrence of surface tension
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reshaping. To etch rough micro-structures in CLN, the technique described in
Ref. [40] was employed, which is illustrated in Fig. 4.2. A Cr film of 100 nm
thickness was deposited onto the −z face of z -cut CLN by standard electron-
beam thermal evaporation. Using standard photolithographic techniques, open
channels were fabricated on the Cr film. The sample was then annealed at 300 oC
for 3 hours to improve adhesion of the Cr film to the substrate. The film serves
as a mask during the HF etching process. It is well known that a ∼ 1:2 solution
of HF and HNO3 etches the −z face [20]. The Cr patterned LiNbO3 substrate
was placed in the etchant, which attacks the −z face along the channel openings
forming etched trenches. The trenches were etched until a rough surface was
easily discernible under an optical microscope. After HF etching, the Cr pattern
was stripped off and the sample topology was measured with an AFM to record
the fine features of any surface roughness present on the etched surface. The
sample was then placed in a furnace and annealed at 1050 oC in a wet oxygen
atmosphere for a duration of 15 hours, the same conditions of the EDIT process.
After annealing, the sample topology was again measured using an AFM to iden-
tify whether any rough features remained after annealing.
Fig. 4.3 (a) presents the HF etched surfaces visualised through optical mi-
croscope before annealing and Fig. 4.3 (b) presents the AFM surface scan of the
etched trench before annealing. In Fig. 4.3 (a), the spotted dots observed in
the etched region are small hillocks, which are also visualised in the trench of
the AFM scan in Fig. 4.3 (b). The small hillocks are typical of HF etching of
deep trenches [40]. From Fig. 4.3 (b), The RMS surface roughness of the HF
etched region before annealing was measured to be 13.8 nm. Fig. 4.3 (c) presents
the optical microscope image of the same HF etched region in Fig. 4.3 (b) after
annealing for 15 hours at 1050 oC. This reveals that in the etched region the
hillocks have now disappeared. Fig. 4.3 (d) presents the AFM scanned surface
profile of the same region after annealing. This appears extremely smooth with
no evidence of hillocks. The RMS surface roughness of this area was reduced
to 2 nm. This demonstrates that surface smoothening has indeed occurred at
the same temperatures, at which the EDIT process takes place. The question is
how does the mechanism of surface smoothening result in optical waveguides in
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Figure 4.2: Processing steps for trenches produced by HF etching on the −z face
of z -cut CLN and subsequent annealing.
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Figure 4.3: HF etched −z surface of z -cut CLN, optical microscope image (a)
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before annealing and (d) after annealing (Rrms - RMS surface roughness).
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LiNbO3? This question is addressed in the following sections.
4.2.3 Summary
The possible surface modifications that could develop at the surface of an EDIT
etched trench were investigated. It was observed that the response of a PFM
signal remains unchanged when compared to the unetched region. This indicates
the EDIT process does not create an amorphous layer on the etched trench, which
could freeze in stress at room temperature to create a waveugide.
The smooth surfaces observed for EDIT etched trenches could be due to the
mechanism of surface tension reshaping. This was demonstrated by HF etch-
ing rough trenches in LiNbO3 followed by annealing them in the same environ-
ment and temperature of EDIT process. It was observed that the rough surfaces
smoothened out. It is hypothesised that the smoothened surface could be a source
of stress and result in the optical waveguiding observed under EDIT trenches.
4.3 Waveguides induced in LiNbO3 via a topog-
raphy change and surface tension reshaping
Section 4.2 examined the possible surface modifications that could develop during
the EDIT process. Surface tension reshaping was observed to occur during the
annealing process, which was demonstrated on annealed HF etched trenches. This
section tests the hypothesis that surface tension reshaping can induce waveguides
in LiNbO3.
4.3.1 Possible stress induced by surface tension reshaping
For all materials, including crystals, it is well known that the surface can pos-
sess quite distinct properties when compared to bulk material. Within a bulk
crystal, all atoms are tightly bound to the crystal lattice since their covalent or
ionic bonds are terminated. However, beyond the crystal surface, atomic bonds
are unterminated as the crystal lattice ceases to exist [101]. This results in an
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increase in the reactive characteristics of atoms at the surface, indicating that
they possess a higher energy level as compared to atoms in the bulk crystal. This
is termed as the surface energy of the crystal. The unterminated bonds at the
surface have the tendency to relax to an energetically favourable state in order
to maintain equilibrium with the underlying crystal and the environmental con-
ditions [102].
Fig 4.1 displayed a smooth trench formed during the EDIT process and in
Section 4.2.2 it was demonstrated, that the temperatures at which EDIT takes
place surface tension reshaping occurs, to smoothen a rough surface. The possible
mechanism which could result in the formation of waveguides under trenches in
LiNbO3 is depicted in Fig. 4.4. Step (1) shows the state of an etched trench
before annealing. When the LiNbO3 crystal is annealed, initially the temperature
is ramped up to 1050 oC. The crystal dimensions start to increase due to thermal
expansion as depicted in step (2). At 1050 oC the crystal surface becomes mobile.
At this point, the surface relaxes and reshapes to minimise the surface energy in
order to maintain equilibrium with the substrate and environment, which is shown
in step (3). When the crystal is cooled down the surface freezes and the crystal
contracts. The smoothness is maintained, but it is possible that the smoothened
surface is not at equilibrium at room temperature and in the process of obtaining
an energetically favourable condition there is induced stress between the reformed
surface and the underlying substrate, depicted in step (4). The induced stress
can result in an increase of the refractive index via the photo-elastic effect.
4.3.2 Optical waveguiding under surface tension reshaped
HF etched trenches
In Section 4.2.2 surface tension reshaping was observed to occur in HF etched
trenches annealed in the same environment and temperatures of the EDIT pro-
cess. Section 4.3.1 described how surface tension reshaping of a trench etched
by EDIT could induce stress to the underlying substrate to form a waveguide
under the etched region. If surface tension reshaping is the mechanism producing
waveguides under EDIT etched trenches then HF etched trenches annealed in the
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Figure 4.4: Mechanism of a surface tension reshaped trench in LiNbO3, inducing
stress on the underlying LiNbO3 substrate.
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same conditions as EDIT should also produce waveguides.
To test this hypothesis, a 7 µm wide and ∼450 nm deep trench was HF etched
on the −z face of z -cut CLN using the same method as described previously in
Section 4.2.2 with the trenches aligned along the crystal y-axis. Trenches along
the x -axis result in the sidewalls of different slopes due to differential etching
of the y-faces and hence, a y-axis oriented alignment was chosen [40]. Prior to
annealing, the HF etched trench was tested for optical waveguiding to rule out
any influence of previous fabrication steps. No optical waveguiding was observed.
The sample was then annealed in a wet oxygen atmosphere for a duration of
15 hours. After annealing, the sample was diced to provide a 10 mm x 11 mm
sample and polished at either end of the trench and tested for optical waveguiding
at 633 nm wavelength for TE and TM polarised light using the same setup as
described in Section 2.4.
Fig. 4.5 (a) shows the AFM profile of the HF etched and annealed trench. Fig.
4.5 (b) and (c) shows the optical profile at the output beneath the HF etched
and annealed trench for the TE and TM polarisations respectively at 633 nm
wavelength. A clear bright spot is evident below the trench. This bright spot
retained its shape independently of the alignment of the input laser beam. These
are characteristics that would be expected of a single mode waveguide. The re-
shaped HF etched trenches supports both TE and TM polarised light.
For comparison, Fig. 4.5 (d) presents the AFM profile of a z -cut y-propagating
EDIT waveguide fabricated previously in Section 3.3.2, using 7-µm-wide and 100-
nm-thick Ti strip, with x -cut CLN as the ‘bottom’ wafer. Fig. 4.5 (e) and (f)
present the optical profiles, at 633 nm wavelength, measured at the output under
this etched trench in the TE and TM polarisations respectively. When comparing
Fig. 4.5 (a) and (d), The EDIT trench has a shallower etch depth than the HF
etched and annealed trench, however; when comparing the optical profiles of the
HF etched and annealed trench (Fig. 4.5 (b) and (c)) with those of the EDIT
trench (Fig. 4.5 (e) and (f)), it can be seen that light under the EDIT etched
trench is more tightly confined with the EDIT waveguide exhibiting multimode
88
Chapter 4
AFM 
Scan
TE
TM
450 nm
HF Etched + Anneal EDIT Etched
242 nm
0 25 50μm 0 25 50μm
10 μm 10 μm
(a)
(b)
(c)
(d)
(e)
(f)
Figure 4.5: (a) AFM profile of a 7-µm-wide HF etched and annealed trench on z -
cut CLN, directed along crystal y-axis. Optical profiles at 633 nm wavelength, of
region under the HF etched and annealed trench for (b) TE and (c) TM polarisa-
tions. (d) AFM profile of a 7 µm EDIT etched trench on z -cut CLN propagating
along the crystal y-axis, fabricated previously in Section 3.3.2. Optical profiles
at 633 nm wavelength, supported by the EDIT etched trench for (e) TE and (f)
TM polarised light.
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behaviour for the TM mode.
Considering that optical waveguiding, using the EDIT technique, could be
achieved at comparatively shallower etch depths, it was hypothesised that this
might be the case for HF etched and annealed trenches. To test this hypothesis
an HF etched and annealed trench of 7 µm width was fabricated with an etch
depth of 250 nm, less than the 450 nm etch depth of the HF etched and annealed
trench in Fig. 4.5 (a), but similar to the etch depth of a 7 µm EDIT waveguide
shown in Fig. 4.5 (d). After annealing the trench was diced and tested for optical
waveguiding. No optical waveguiding was observed. This indicates that despite
the EDIT and HF etched and annealed trenches having similar etch depths, the
EDIT waveguides show stronger optical waveguiding. This signifies that it is
not simply the etch depth that determines the strength of the observed optical
waveguiding and some other factors must be considered. It is possible that the
surface of EDIT trenches have a relatively higher surface energy, which applies
a higher degree of stress to underlying substrate as compared to HF etched and
annealed trenches. This could occur due to the inherent characteristics of the
EDIT process. In Section 3.4 the importance of H+ ions to the EDIT process
was highlighted where it acts as the reactive ion species during etching. The
presence of H+ on the ‘top’ wafer could make the surface far more mobile and
hence, increase its surface energy. Thus same mechanism, which leads to etching
also leads to reshaping. This can be supported by the fact that hydrogen gas has
been used to reshape and smoothen micro-structures on silicon [103, 104].
In conclusion, it has been demonstrated that surface tension reshaping of
HF etched trenches can result in optical waveguiding under such trenches. It is
believed that a similar mechanism occurs during the EDIT process, which results
in the formation of optical waveguides under EDIT trenches. HF etched and
annealed waveguides support both TE and TM modes and showed single mode
behaviour. In comparison, an EDIT waveguides of a lower etch depth exhibited
stronger light confinement with multimode behaviour in the TM mode suggesting
the presence of higher surface energy in EDIT trenches.
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4.3.3 Modal characteristics of surface tension reshaped
HF etched trenches
In Section 4.3.2 optical waveguiding was observed under a 7-µm-wide and 450-
nm-deep HF etched and annealed trench. When compared to a 7-µm-wide and
250-nm-deep EDIT waveguide it was was observed that the EDIT waveguide
showed stronger light confinement. In the fabrication of EDIT waveguides, in-
creasing the waveguide width results in deeper trenches, which in turn results in
stronger waveguiding [25]. However, under similar fabrication conditions, wider
HF etched trenches with wider widths would still have similar etch depths. This
raises the question: How does the width of the HF etched and annealed trenches,
having the same etch depth, influence the waveguiding properties?
To investigate whether the width of HF etched and annealed trenches has
any impact on optical waveguiding, the same fabrication conditions as described
previously in Section 4.3.2 was implemented. HF etching was used to fabricate
z -cut y-propagating trenches of 10 µm to 25 µm widths in steps of 1 µm and
etch depths of ∼450 nm. The trenches were annealed for 15 hours in a wet oxy-
gen atmosphere. After annealing, the etch depths of the trenches were measured
using a surface profilometer as described in Section 2.4.3. The HF etched and
annealed wafer was then diced to provide a 10 mm x 11 mm sample, followed
by polishing of the end faces and finally tested for optical waveguiding using the
same technique described previously in Section 2.4.4.
Fig. 4.6 shows the measured surface profile of the HF etched and annealed
trenches. It can be seen that all the trenches have similar etch depths. Fig. 4.7
shows the mode profiles of the HF etched and annealed 10 µm, 15 µm, 20 µm and
25 µm width trenches for the TE and TM polarised light at 633 nm wavelength.
It can be observed that as the width of the trench increases the waveguides get
weaker. In the 20 µm and 25 µm width trenches, light appears to be concentrat-
ing towards the corners. The weakening of waveguiding with increase in trench
width is contrary to the behaviour of EDIT waveguides observed in Section 2.4.5.
Furthermore, for wider widths the concentration of light along the corner suggests
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Figure 4.6: Etch depths of the HF etched and annealed trenches on z -cut CLN,
directed along the crystal y-axis, of 10 µm to 25 µm widths in steps of 1 µm.
that these regions are of higher index as compared to the centre of the trench.
Thus, HF etched and annealed waveguides exhibit contrasting guiding charac-
teristics as compared to EDIT waveguides. In HF etched and annealed waveguides
increasing the width of trench results in weaker guiding with the trench depth
remaining constant. However, in EDIT waveguides increasing the width results
in stronger waveguiding and with a corresponding increase in the etch depth.
4.3.4 Waveguiding along the corners of the HF etched and
annealed trench
It was observed in Section 4.3.3 that increasing the width of an HF etched and
annealed waveguides results in weaker light confinement, although, it appeared
light was concentrating towards the corners of the trench in case of the 20-µm
and 25-µm-wide trenches illustrated in Fig. 4.7. This suggests that corner of the
trench possess a relatively higher index as compared to the centre of the trench.
If the local increase in the refractive index is located at the corners of the HF
etched and annealed trench, then aligning the input optical beam to the region
beneath the corners of the trench should result in effective guiding of the light
along this corner region to the output.
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Figure 4.7: Mode profiles of the HF etched and annealed trenches of 10 µm,
15 µm, 20 µm and 25 µm widths for TE and TM polarised light at 633 nm
wavelength on z -cut CLN propagating along the crystal y-axis.
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To test whether the corner of an HF etched and annealed trench provides
effective guiding, the same setup described previously in Section 2.4.4 was used.
The input laser light was aligned with the region beneath both corners of the 25-
µm-wide trench and the output mode profile was observed on the CCD camera.
Fig. 4.8 shows the profile of the optical field for the 25-µm-wide trench with
the input light translated to the left, centre and then right for TE (Fig. 4.8 (a),
(b) and (c)) and TM (Fig. 4.8 (d), (e) and (f)) polarisations, respectively. It can
be observed that when the input is aligned to the left or to the right, the light
remains trapped in the corners of the output. When the light is launched in the
middle of the structure, it is difficult to identify any waveguiding. This indicates
that indeed when the input light is aligned with the corners, guiding of light is
more effective, and hence it can be concluded that the region beneath the corners
indeed do exhibit a higher index as compared to the centre of the trench.
The relatively strong guiding observed along the corners can be correlated to
strain induced waveguides [62], discussed in Section 3.3.3. Such waveguides are
fabricated by exploiting the thermal mismatch between a SiO2 film and LiNbO3
substrate. When channels are etched in the SiO2 film, which was previously de-
posited on the substrate at a higher temperature, the edges of the channel expand
towards the centre applying stress to the underlying substrate. The resulting
strain is maximum at the edge of the film and reduces as one moves further away
from the edge. Similarly in waveguides fabricated by surface tension reshaping,
on would expect the corners would possess maximum strain, which reduces as
one moves further away from the corner.
Thus the observation that HF etched and annealed trenches exhibit stronger
waveguiding at the corners of the trench leads to the conclusion that a higher
index change is present at the corners of the trenches. This is compatible with
the hypothesis that the observed change in the refractive index under etched
trenches is due to stress and this also would be maximum at the corners of the
etched trench.
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Figure 4.8: Mode profiles of the HF etched and annealed trench of 25 µm width
on z -cut CLN, propagating along the crystal y-axis, for TE and TM polarised
light at 633 nm wavelength with light focused on left corner in (a) and (d), centre
in (b) and (e) and right corner in (c) and (f), of the trenches.
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4.3.5 Waveguiding in an isolated surface tension reshaped
corner
The confinement of the optical field along the corner of an HF etched and an-
nealed trench was demonstrated in Section 4.3.4. This suggests that in waveguides
formed by surface tension reshaping, an isolated corner or a step discontinuity in
the surface, which is annealed, should be sufficient to produce an optical waveg-
uide.
4.3.5.1 Waveguiding in HF etched and annealed isolated corner
Considering that a higher index change is achieved at the corner of a trench,
it is possible that surface tension reshaping of an isolated corner formed by HF
etching is capable of supporting optical waveguiding. To test this, an isolated
HF etched corner with a step height of ∼450 nm was annealed tested for optical
waveguiding in a similar manner as in Section 4.3.2. To ascertain the impact of
annealing on an etched corner the polished end face was imaged in a scanning
electron microscope (SEM), before and after the annealing process.
Fig. 4.9 (a) and (b) present the SEM image of the HF etched corner before
annealing and after annealing respectively. The reshaping of the corner is clearly
visible where the slope of the side-wall is relatively sharp before annealing as
shown in Fig. 4.9 (a), but develops into a more gradual slope after annealing
in Fig. 4.9 (b). The optical profile when light is aligned to the region under
this corner is presented in Fig. 4.9 (c) and (d) for TE and TM polarisations
respectively. The reshaped corner is sufficient to support an optical mode at
633 nm wavelength as demonstrated by the mode profiles of these regions in
Fig. 4.9 (c) and (d). Thus it has been shown that an isolated, surface tension
reshaped corner formed by HF etching and annealing is sufficient to support
optical waveguiding. This can be taken as further evidence that the observed
waveguiding behaviour is due to stress as now waveguiding is evidently entirely
due to the presence of an etched corner, where stress will be maximum and not
to the uniform etched surface itself.
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Figure 4.9: Cross-section of HF etched isolated corner on z -cut CLN, propagating
along the crystal y-axis, (a) before annealing (b) after annealing. Mode profiles
of the isolated HF etched and annealed corner in (b) for (c) TE and (d) TM
polarised light at 633 nm wavelength. Arrows indicate the position of the corner.
4.3.5.2 Waveguiding in EDIT etched isolated corner
Since an isolated HF etched and annealed corner is capable of supporting an op-
tical mode as illustrated in Fig. 4.9, then a corner fabricated by EDIT etching
should also behave in a similar manner. To fabricate a reshaped corner using the
EDIT technique a 100-nm-thick Ti film on x -cut CLN was used as the ‘bottom’
wafer to etch z -cut CLN ‘top’ wafer with the propagation direction aligned along
the crystal y-axis, similar to previous experiments in Section 4.3.2. The wafers
were annealed in a wet oxygen atmosphere for 8 hours. After the etching process
the step height of the corner was measured using a profilometer. The sample
was then diced and polished and tested for optical waveguiding as described in
Section 2.4.4.
Fig. 4.10 (a) presents the etched surface profile of the EDIT etched corner.
The step height of the corner is ∼250 nm. The optical profile recorded with
light aligned under this corner is presented in Fig. 4.10 (b) and (c) for TE and
TM polarisations respectively. The optical profiles of Fig. 4.10 (b) and (c) show
that the EDIT etched corner does indeed support optical waveguiding. Hence,
similar to an HF etched and annealed corner, the corner of an EDIT trench is
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Figure 4.10: (a) Scanned profile of and EDIT etched isolated corner on z -cut CLN,
propagating along the crystal y-axis, etched using 100-nm-thick Ti film, with x -
cut CLN as the ‘bottom’ wafer. Mode profiles of the isolated EDIT etched corner
in (a) for (b) TE and (c) TM polarised light at 633 nm wavelength. Arrows
indicate the position of the corner.
sufficient to create an optical waveguide, which guides light at 633 nm wavelength.
This result enables the conclusion that the optical waveguiding observed under
the EDIT trenches is indeed due to stress which is concentrated at the etched
corners.
4.3.6 Summary
In conclusion, the mechanism which results in the formation of optical waveguides
under EDIT etched trenches is a combination of a topography change and surface
tension reshaping. Using this mechanism waveguides were created on LiNbO3 by
using another etching technique, namely HF etching, by creating a topography
change in the form of an etched trench and annealing it in a similar atmosphere
as that of the EDIT process. This presents an additional technique for the fabri-
cation of optical waveguides in LiNbO3. The HF etched and annealed waveguides
were found to be weaker as compared to EDIT waveguides. The region of high-
est refractive index change takes place in the corners of the trenches and it was
demonstrated that in such waveguides a corner is sufficient to support optical
waveguiding at 633 nm wavelength.
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4.4 Summary and Conclusions
It was suggested that the optical waveguiding under EDIT etched trenches occurs
due to stress induced increase in the refractive index. Previous materials analy-
sis determined that the crystalline properties and material compositions remain
unchanged under the EDIT etched region. However, such techniques possessed a
nominal depth resolution of ≥1 µm. Hence, It was deduced that a possible sur-
face modification of the EDIT etched trench is inducing stress to the underlying
substrate.
It was suggested that an amorphous layer on the etched surface could apply
stress to the region under an etched trench. Adopting PFM as a tool, the EDIT
etched surface was tested for amorphisation. It was observed that the response
of a PFM signal does not change in the etched region when compared to the
unetched region indicating that such an amorphous layer on the EDIT etched
surface is absent.
EDIT trenches are often referred to as being smooth in nature. This was
observed from their measured RMS surface roughness of ∼1 nm, which is similar
to a bare LiNbO3 wafer. It was hypothesised that this smoothness arises from
the process of surface tension reshaping, where at high temperatures an increase
in the surface mobility allows material to redistribute to minimise surface energy
and to obtain an energetically favourable state. To demonstrate that such reshap-
ing could occur under the conditions of the EDIT process, deliberately roughened
structures were created by HF etching trenches on the surface of LiNbO3 and an-
nealing the HF etched trenches in the same environment and temperature as the
EDIT process. Surface reshaping was indeed observed.
It was hypothesised that at the high temperatures at which EDIT occurs,
the etched surface relaxes and smoothens to an energetically favourable state,
however, when the sample is cooled, the surface becomes immobile, and as the
sample returns to room temperature, the LiNbO3 substrate deforms significantly
due to anisotropic thermal expansion coefficient. It is thus likely that at room
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temperature, the reshaped surface is not at equilibrium with the underlying sub-
strate and hence there is significant stress induced at the surface interface. This
stress results in an increase in the refractive index, via the photo-elastic effect,
under an etched trench. This was proved by demonstrating waveguiding under
trenches etched by HF etching and annealing them in the same conditions as the
EDIT process. Relatively weaker waveguiding was observed in HF etched and
annealed waveguides as compared to EDIT waveguides.
Furthermore, it was observed that increasing the width of the HF etched and
annealed trenches reduced the strength of waveguiding and that waveguiding
seemed to be more effective at the corners of very wide trenches. It was shown
that an isolated HF etched and annealed corner could provide waveguiding. This
experiment was repeated for an isolated corner formed by EDIT etching and
it was again observed that this isolated corner could support optical waveguid-
ing. This result indicates that an increase in the refractive index is observed in
the vicinity of etched corners which provides strong evidence that the observed
changes in refractive index associated with etched trenches is indeed due to stress.
In conclusion, it is believed that the mechanism which results in the formation
of optical waveguides under EDIT etched trenches is a combination of a topogra-
phy change and surface tension reshaping. Additionally, a new technique in the
fabrication of optical waveguides in LiNbO3 using HF etching and annealing is
demonstrated.
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EDIT waveguides at 1550 nm
wavelength
5.1 Introduction
Chapter 2 demonstrated EDIT waveguides on x -cut CLN. It was observed that
optical mode behaviour depends on the etch depth of the trench, which can be
controlled by varying the Ti strip width and thickness. Using this property, sin-
gle mode waveguides with modest losses were realised at 633 nm. In Chapter 3
the EDIT technique was extended to different orientations and compositions. A
detailed analysis was performed for waveguiding along different propagation di-
rections of CLN. Furthermore, optical waveguiding was also demonstrated on
z -cut MgCLN, which is useful in applications involving high optical intensities.
These results demonstrate that EDIT waveguides could be used for applications
in integrated optics. In Chapter 4, an investigation of the nature of the observed
optical waveguiding provided evidence that the observed induced refractive index
change was caused by stress that resulted from the surface reshaping at high tem-
perature. This provides some insight into the nature of these EDIT waveguides
which may be used to control the waveguiding behaviour.
For most integrated optical applications optical waveguiding at 1550 nm is de-
sired. In fiber optic communication systems the preferred operating wavelength
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is 1550 nm as the silica optical fibers employed show minimum loss at 1550 nm
wavelength and most components such as light sources, detectors and amplifiers
are readily available and well established at 1550 nm wavelength [53]. Hence it
is important that EDIT waveguides can be fabricated for operation at 1550 nm
wavelengths, which would be useful for applications in fiber optic communication
systems.
This chapter starts with a review of optical waveguides in LiNbO3 at 1550 nm
wavelength in Section 5.2. This is followed by the fabrication of EDIT waveguides
in z -cut MgCLN at 1550 nm wavelength in Section 5.3 where the optical mode
behaviour and waveguide losses are investigated, and finally Section 5.4 presents
a summary of findings and suggestions for further work.
5.2 Waveguides in LiNbO3 at 1550 nm
In Section 2.4.5, EDIT waveguides were demonstrated for 633 nm wavelength.
For applications in communication systems optical waveguiding at 1550 nm is
desired. LiNbO3 waveguides at 1550 nm have been demonstrated using other fab-
rication techniques for various applications. In this section, optical waveguides at
1550 nm in LiNbO3 are reviewed in order to identify opportunities where EDIT
waveguides could be advantageous in realizing integrated optical devices.
LiNbO3 has excellent electro-optic properties, which drove research initially
into the development of low loss waveguides for electro-optic devices. The process
of diffusing metal ions into LiNbO3 was investigated [31] and it was observed that
Ti diffused waveguides yielded the lowest losses. Furthermore, the fabrication
process proved to be most reproducible [36]. Ti diffused waveguides have be-
come the most accepted waveguides for applications of electro-optic devices such
as Mach-Zehnder modulators [13]. Ti diffused waveguides of very low loss (0.03
dB/cm), supporting both TE and TM polarised light, have been demonstrated,
which is suitable when coupled to polarisation independent, single mode fibers,
of communication systems [4]. However, for applications in nonlinear optics, due
to inherent characteristics of the fabrication process and waveguides properties,
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Ti diffused waveguides fall short. Nonlinear optical process on LiNbO3 are imple-
mented using quasi-phase matching (QPM) techniques for which z -cut crystals
are suitable as domain engineering techniques such as electric field poling can
easily be applied [15]. Ti diffusion is a high temperature process and structured
domains in LiNbO3 are unstable at high temperatures [105]. This indicates that
domain engineering must be applied after the Ti diffusion process. It is well
known that if Ti in-diffusion is accompanied by Li out-diffusion it causes domain
inversion on the +z face [45]. If adequate measures are not taken to prevent this,
the domain inverted layer prevents subsequent electric field poling and ad-hoc
measures, such as grinding off the domain inverted layer, need to to be taken.
Such ad-hoc processes can significantly reduce device yield [106]. In addition to
these fabrication incompatibilities, Ti diffused waveguides exhibit photorefractive
damage at high optical powers [36].
In most nonlinear optical applications Annealed Proton Exchanged (APE)
waveguides have prevailed over Ti diffused waveguides [15]. In the APE tech-
nique, LiNbO3 is placed in an acid melt, which acts as a proton source. When
annealed between 120 to 250 oC in the acid bath, proton exchange takes place
where Li+ ions in the crystal are replaced by H+ ions. This creates a proton
exchanged layer on the surface. This proton exchanged layer has a significantly
increased refractive index along the crystal z -axis enabling strong waveguiding,
but come at the cost of reduction in optical nonlinearity [107]. A post anneal-
ing process at ∼300 oC can be performed where H+ ions diffuse deeper into the
substrate evolving into a diffused graded index profile. The nonlinear optical
properties in the waveguiding region are more or less restored [108]. Being a low
temperature process, APE waveguides can easily be used to fabricated waveg-
uides on previously domain engineered crystal substrates. However, a refractive
index change is observed only for the extra-ordinary index (ne) [15] and hence
waveguiding is possible only for light polarised along ne. Thus, such waveguides
are incompatible with existing polarisation independent single mode fibers of
communication systems. When coupled to such systems, polarisation splitting
and combining schemes must be employed [109]. APE waveguides also suffer
from photorefractive damage, albeit at a lower degree as compared to Ti diffused
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waveguides [36]. Typical losses in APE waveguides are in the order of 0.3 dB/cm
[15]. Losses in such waveguides can be reduced by burying the optical mode
deeper into the substrate away from the surface imperfections, which is achieved
by reverse proton exchange [110]. Here, the APE waveguide is placed in Li rich
melt and the H+ ions at the crystal surface are replaced by Li+ ions from the melt
resulting in a reverse exchange process. This process has the added advantage of
the waveguide supporting a symmetric mode profile facilitating fiber-waveguide
coupling. Furthermore, it improves the overlap between the interacting modes,
which increases nonlinear conversion efficiency. Typical losses of RPE waveguides
are of the order of 0.1 dB/cm [15]. Other waveguide fabrication techniques such
as ion implantation [111], femtosecond laser writing [57] and optical grade dic-
ing [41] have been fabricated on LiNbO3 with relatively low losses (< 1 dB/cm).
However, such waveguides are still in their nascent stages of research and despite
an extensive review of literature, it would appear that experimental testing in
communication systems has not yet been demonstrated.
The majority of optical waveguides discussed previously are fabricated in con-
gruent LiNbO3 (CLN). Hence, they inherently suffer from photorefractive dam-
age. To alleviate this effect, devices are generally operated at higher temperatures
and require temperature stabilisation. Another solution is to use LiNbO3 doped
with elements, which suppress optical damage such as Zn or Mg [112, 113]. Zn
diffused waveguides with low losses (0.9 dB/cm) have been demonstrated in CLN
and exhibit optical damage suppression, however nonlinear conversion efficien-
cies close to RPE waveguides have not yet been achieved [114]. NTT photonics
laboratories have performed extensive work on 7 mol% Zn-doped LiNbO3 ridge
waveguides achieving high efficiencies and with polarisation independent opera-
tion compatible with fiber optic communication systems [115–117]. A waveguide
loss of about 0.3 dB/cm was reported [117]. 5 mol % Mg-doped congruent LiNbO3
(MgCLN) crystals are also suitable candidate for nonlinear optic devices and such
crytsals are also readily available commercially [14]. Standard fabrication tech-
niques like Ti diffusion and proton exchange have been applied to MgCLN. Ti
diffused in MgCLN with 0.1 dB loss have been demonstrated however, waveguide
inhomogeneities resulting in inefficient nonlinear conversion have hindered their
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adoption in nonlinear integrated optics [118, 119]. Similar issues were reported in
proton exchanged waveguides in MgCLN [120]. Ridge waveguides have also been
demonstrated in MgCLN however, the fabricated waveguides were tailored for ap-
plications at visible wavelengths [121, 122]. Additional compositions of LiNbO3,
which suppress optical damage such as Mg-doped stoichiometric LiNbO3 and Zr-
doped LiNbO3 have also generated recent interest [123, 124].
Following this review on waveguides in LiNbO3 at 1550 nm, it is evident
that low loss optical waveguides on crystals compositions that suppress optical
damage are attracting interest. Waveguide fabrication technologies, which were
successful on CLN have been proved unfavourable when transferred to optically
damage resistant substrates. Hence, an opportunity exists to develop low loss
waveguides in such substrates. Section 3.4.2 demonstrated single mode EDIT
waveguides in MgCLN at 633 nm. The following section will focus on developing
EDIT waveguides at 1550 nm wavelength in MgCLN.
5.3 EDIT waveguides at 1550 nm
Chapter 3 presented a detailed analysis of the waveguiding characteristics for var-
ious crystals orientations and crystal propagation directions. It was demonstrated
that the guiding behaviour of EDIT waveguides can be controlled by modifying
the etch depth of the trench. The waveguide behaviour can be strengthened by
increasing the etch depth. This can be achieved by increasing Ti strip width or
thickness in the EDIT technique. The optical waveguiding behaviour presented in
Fig. 3.3 and Fig. 3.5 demonstrate that it is possible to achieve single mode waveg-
uiding at 633 nm wavelength by using the EDIT technique with 100-nm-thick Ti
strips on the ‘bottom’ wafer. It was observed that the EDIT waveguides fabri-
cated using a 7-µm-wide Ti strip possessed the deepest etch depth of ∼250 nm
and exhibited multimode behaviour for light polarised along the crystal z -axis.
Before the fabrication of optical waveguides at 1550 nm, it is important to test
if the etched trenches which supported waveguiding at 633 nm wavelength are
suitable for waveguiding at 1550 nm.
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5.3.1 Test for optical waveguiding at 1550 nm
In Section 2.4.1 it was concluded that for a given waveguide, the number of modes
that it can support decreases with increasing wavelength. For EDIT waveguides
at 633 nm the waveguide fabricated using 7-µm-wide Ti strip showed multimode
behaviour for light polarised along the crystal z -axis. It is possible that this
waveguide could support optical waveguiding at 1550 nm, if polarised along the
crystal z -axis.
This hypothesis was tested by coupling light at 1550 nm wavelength in the
x -cut, y-propagating 7 µm EDIT waveguide, in Section 3.3, in the TE mode and
imaging the output mode profile. The setup described previously in Fig. 2.9 was
implemented except the laser source at 633 nm was replaced by one at 1550 nm
and an infrared CCD camera was utilised to image the output.
Fig. 5.1 (a) and (b) presents the mode profiles of the x -cut, y-propagating
7 µm EDIT waveguide in the TE mode for 633 nm and 1550 nm wavelengths
respectively. At 633 nm the waveguide is multimode however, at 1550 nm the
optical mode is visible but is not tightly confined. It can be observed that light is
radiating laterally away from the central core. This indicates that while a trench
formed by EDIT processing using a 100-nm-thick and 7-µm-wide Ti strip can
633 nm 1550 nm
x
z
7 μm
TE
(a) (b)
Figure 5.1: TE mode profile of a 7 µm x -cut y-propagating EDIT waveguide,
fabricated previously in Section 3.3.2, on CLN for (a) 633 nm and (b) 1550 nm
wavelengths.
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guide light at 1550 nm, it is actually very weak, which is likely to lead to high
propagation losses.
In conclusion, EDIT waveguides of 250 nm etch depth are deemed unsuitable
for optical waveguiding at 1550 nm. It is proposed that in order to fabricate
tightly confined, low-loss waveguides at 1550 nm deeper trenches are required to
provide stronger waveguiding. In the next section, optical waveguides at 1550 nm
are realised on z -cut MgCLN by fabricating deeper EDIT etched trenches.
5.3.2 EDIT waveguides in 5 mol% z -cut Mg-doped con-
gruent LiNbO3 at 1550 nm
As discussed previously, for communication systems, optical waveguiding at 1550 nm
is desirable. Additionally, nonlinear optical applications, such as optical signal
processing, are generally implemented on z -cut LiNbO3 to maintain compatibility
with existing domain engineering techniques [15]. Such techniques are used to
fabricate periodic domain inverted structures to implement quasi-phase match-
ing techniques which increase the efficiency of nonlinear optical processes in the
waveguide. Furthermore, in Section 5.2 it was noted that crystals, which suppress
optical damage, are of significance as they alleviate the need for high operating
temperatures [121]. Waveguides in MgCLN fit such a profile and hence it is be-
fitting to realise EDIT waveguides at 1550 nm in such crystals.
To fabricate waveguides at longer wavelengths, such as 1550 nm, stronger
waveguides are required. As described in Section 2.4.1 this is possible by increas-
ing the index contrast between the core and the cladding or by increasing the
waveguide cross-sectional dimensions. In EDIT waveguides, it was shown in Sec-
tion 2.4.5 that by increasing the trench depth stronger guiding can be obtained.
This can be performed either by increasing the width or thickness of the Ti strip
on the ‘bottom’ wafer. Since, in EDIT waveguides, deeper etch depths provide
stronger light confinement, it should be possible to realise stronger optical waveg-
uiding at 1550 nm by increasing the etch depth of the trenches.
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It is hypothesised that an EDIT etched trench which has a depth 250 nm
(etch depth achieved by 100-nm-thick and 7-µm-wide trench) should be capable
of guiding light at 1550 nm. To investigate this, wider widths of 10 µm to 25 µm
in steps of 1 µm were utilised to obtain deeper etch depths with the Ti thickness
maintained at 100 nm. The choice of widths was based on a previous investigation
on the fabrication of optical waveguides at 1550 nm employing strain inducing
SiO2 films [125]. Such strips, patterned on x -cut CLN as the ‘bottom’ wafer, were
used to fabricate EDIT waveguides in z -cut MgCLN at 1550 nm. Trenches were
directed along the crystal x -axis as this is of significance in the fabrication of high
fidelity domain inverted structures [77]. The corresponding wafers were annealed
in contact in a wet oxygen atmosphere for a duration of 22 hours. After the EDIT
process the etch depth of the trenches were measure using a profilometer. The
sample was then diced into 10 mm x 11 mm dimensions, polished on either end
face to optical grade and finally tested for optical waveguiding at both 633 nm
and 1550 nm wavelengths.
Fig. 5.2 (a) presents the etch depths achieved by the 100-nm-thick Ti strips
of widths ranging from 10 µm to 25 µm in steps of 1 µm. The etch depth of
all the trenches are >250 nm, and the etch depth increases with Ti strip width.
For Ti strip widths >20 µm the etch depth saturates at ∼690 nm. Fig. 5.2 (b)
presents images of the optical power observed at the output of the sample under
trenches with widths 10 µm, 15 µm, 20 µm and 25 µm at 633 nm wavelength. At
this wavelength, all the waveguides are multimode for both TE and TM polarised
light. For the same Ti strip width the TM mode supports a higher order mode as
compared to the TE mode. The optical intensity profile of the same waveguides
at 1550 nm wavelength is presented in Fig. 5.2 (c). In all cases, a clear bright
spot is visible, whose shape is retained independent of the alignment of the input
laser beam. This indicates that all trenches exhibit single mode waveguide be-
haviour. The TE modes are more weakly guided as compared to TM mode, with
light leaking laterally away from the waveguide core.
The saturation of the etch depths for Ti strips widths >20 µm is in accordance
with previous observations [24]. In narrower strips, the Ti diffusion process can
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Figure 5.2: (a) Etch depths of z -cut x -propagating EDIT etched trenches on
MgCLN, etched using 100-nm-thick Ti strips of 10 µm to 25 µm width, in 1 µm
steps, with x -cut CLN as the ‘bottom’ wafer. Optical modes supported by the
10 µm, 15 µm, 20 µm and 25 µm EDIT waveguides at (b) 633 nm and (c) 1550 nm
wavelengths.
109
Chapter 5
be considered as a two dimensional process, where in addition to diffusion into
the substrate a lateral component exist as well. If the strip is narrow, the Ti can
be considered a point source and as the strip gets wider, Ti diffuses both outward
towards the strip edges and inward from the strip edges into the interior. Hence,
the interior of the strip gets an increased dose of Ti. As Ti strip width increases
the lateral component of diffusion loses it significance and Ti diffusion from the
strip edges no longer reaches the middle of the strip. Thus, the Ti dose at the
center of the strip is not further increased and EDIT evolves into a one dimen-
sional etching process, where only Ti diffusion down into the substrate is relevant.
In the case of optical waveguiding at 633 nm shown in Fig 5.2 (b), observations
of deeper trenches supporting higher order modes is a distinct characteristic of
EDIT waveguides observed previously in Section 2.4.4. The TM mode supporting
a higher order mode as compared to the TE modes is indicative of stronger guiding
along the crystal z -axis. This is also reflected in waveguiding at 1550 nm shown in
Fig 5.2 (c), where the TE mode is less confined in the waveguide core as compare
to the TM mode. Interestingly, at 1550 nm, all the waveguides are single mode
for a large range of Ti strip widths (10 to 25 µm). In comparison, for similar
fabrication parameters, Ti diffused waveguides exhibit single mode behaviour
between 2 to 8 µm widths [32]. This raises the question, when does multimode
waveguiding occur in EDIT waveguides for 1550 nm wavelength?
5.3.3 Modal behaviour of EDIT waveguides at 1550 nm
In Section 5.3.2 it was observed that EDIT waveguides exhibit single mode be-
haviour over a large range of Ti strip widths from 10 to 25 µm, at 1550 nm.
An investigation into condition for multimode waveguiding is of significance to
determine the limits and possibilities of using this technique to fabricate high
quality waveguides. In EDIT waveguides a deeper trench seems to provide rel-
atively stronger waveguiding. Hence, increasing the etch depth of the trenches,
by using thicker Ti strips, should yield the conditions for multimode waveguiding.
Using the same method described previously in Section 5.3.2, Ti strips of
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10 µm to 25 µm in steps of 1 µm on x -cut CLN with an increased thickness of
200 nm and 300 nm were utilised as the ‘bottom’ wafer to etch z -cut MgCLN ‘top’
wafers. It should be noted that even though the Ti thickness was increased for
each case, the annealing duration was maintained at 22 hours which was deemed
sufficient to fully deplete each of the different thicknesses of Ti. After the EDIT
process, the etched surface profile was measured using a surface profilometer. The
trenches were then diced into 10 mm x 11 mm samples, polished and tested for
optical waveguiding at 1550 nm.
Fig. 5.3 (a), (b) and (c) presents, the measured profile of the trenches on the
‘top’ wafer resulting from EDIT etching using Ti strip thicknesses of 100 nm,
200 nm and 300 nm respectively on the ‘bottom’ wafer. It can be seen that an
increase in the Ti strip thickness results in an increase in the etch depth of the
trench. For a 100-nm-thick and 25 µm wide Ti strip the etch depth obtained
is ∼690 nm. This increases to ∼800 nm for a 200-nm-thick Ti strip as shown
in Fig. 5.3 (b), and to ∼1000 nm for 300-nm-thick Ti strip, as shown in Fig.
5.3 (c). The optical modes supported by these trenches are presented in Fig.
5.4. Fig. 5.4 (a), (b) and (c) present a sequence of optical profiles measured
for trenches etched using Ti strip thicknesses of 100 nm, 200 nm and 300 nm
respectively. For each strip thickness, optical profiles, at 1550 nm wavelength,
are shown for trenches realised with strip widths of 10 µm, 15 µm, 20 µm and
25 µm with both TE and TM polarisations. Almost all cases were characterised
by a single broad optical spot which maintained its shape when translating the
alignment of the input laser and observing the optical intensity output on the
CCD camera. This is characteristic of single mode waveguiding. For the case of
the trenches etched using strips of width 20 µm and 25 µm and 300-nm-thickness,
in the TM polarisation, depending on input laser alignment, it was possible to
achieve an output in the form of two lobes separated by a dark null, which is
the characteristic first order mode. For the single mode waveguides the profile of
output optical power maintained its shape regardless of the alignment of input
laser excitation, which is characteristic of single mode behaviour. In all cases, the
TE mode appears weakly guided as compared to the TM mode and no multimode
behaviour is exhibited along this polarisation.
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Figure 5.3: Etch depths of z -cut x -propagating EDIT etched trenches on MgCLN,
etched using (a) 100-nm (b) 200-nm and (c) 300-nm-thick Ti strips of 10 µm to
25 µm width, in 1 µm steps, with x -cut CLN as the ‘bottom’ wafer.
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Figure 5.4: Optical modes, at 1550 nm wavelength, supported by the 10 µm,
15 µm, 20 µm and 25 µm waveguides for z -cut x -propagating EDIT etched
trenches on MgCLN, etched using (a) 100-nm (b) 200-nm and (c) 300-nm-thick
Ti strips, with x -cut CLN as the ‘bottom’ wafer.
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The single mode behaviour of EDIT waveguides at 1550 nm, for such a wide
range of widths, can be explained by considering the refractive index profile of
these stress induced waveguides. In Section 4.3.4 it was observed that the re-
fractive index change is relatively stronger at the corners of the etched trench.
Increasing the waveguide width results in the corners moving further apart, how-
ever, the overall index change within the central guiding region under the trench
isn’t altered significantly. In fact, increasing the waveguide width further, would
result in waveguiding supported only along the corners as observed previously in
Fig. 4.10. Furthermore, the waveguides exhibit multimode behaviour only when
trenches get deeper. This indicates that by increasing the etch depth, a higher
index change develops along the corner of a trench. For low loss waveguides the
knowledge of waveguide modes are useful as waveguides generally exhibit lowest
loss when they are single mode in the regime just before the first order mode
starts to propagate. In EDIT waveguides this would require appropriate design
of the etch depth for a given Ti strip width.
In conclusion, to investigate the modal behaviour of EDIT waveguides at
1550 nm, deeper trenches were etched. Multimode mode behaviour was only
observed in trenches fabricated using 300-nm-thick and 20-µm and 25-µm-wide
Ti strips. The etch depth of these trenches were ∼1000 nm. The waveguide
exihibiting single mode behaviour over a long range of widths is due to the re-
fractive index profile of such waveguides, where a higher index change occurs at
the corners of the waveguide. It may be possible to increase the index change by
etching deeper trenches.
5.3.4 EDIT waveguide losses at 1550 nm
To ascertain the applicability of EDIT waveguides in communication systems it is
important to gauge their quality. One of the most important measures of quality
is propagation loss. It can be expected that considering the large range (10 µm
and 25 µm) of single mode behaviour shown by EDIT waveguides at 1550 nm, the
propagation losses of such waveguides could be fairly constant for a large range
of widths.
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To measure the losses of EDIT waveguides in MgCLN at 1550 nm the Fabry-
Perot technique was employed [126]. The same optical setup described previously
in Fig. 2.9 was used to measure the waveguides losses except, the laser was re-
placed by a tunable laser (Agilent 8164A) with a tunability range from 1510
to 1640 nm. The output CCD camera was replaced by a power meter. In the
Fabry-Perot technique the waveguide behaves as a resonator, where the polished
end faces act as mirrors. When the wavelength is tuned, the power meter at the
output measures the transmission response, which is characterised by interference
fringes, typical of a Fabry-Perot response [127]. The period of this response can
be used to determine the effective refractive index of the guided mode and the
contrast between the peaks and nulls can be used to determine the propagation
loss of the waveguide. Details of the Fabry-Perot techique are provided in Ap-
pendix B.
Fig. 5.5 (a) shows the typical interference fringes of the Fabry-Perot response
for the waveguide formed by EDIT etching with a 23-µm-wide and 200-nm-thick
Ti strip in the TM mode. From the period of this response it was possible to
determine the effective index, which was ∼2.17. Fabry-Perot measurements were
conducted on each of the trenches formed by EDIT etching using Ti strips of
100 nm, 200 nm and 300 nm thickness. The trenches realised with 300 nm Ti
thickness did not produced measurable Fabry-Perot fringes. The trenches etched
with 100 nm and 200 nm Ti strips did produce measurable Fabry-Perot fringes,
but only when operated in the TM mode. Thus it was possible to determine the
propagation losses of these waveguides when operated in the TM polarisation.
Fig 5.5 (b) presents the propagation losses of the EDIT waveguides on z -cut Mg-
CLN for the TM mode as a function of Ti strip width. A comparatively lower
loss can be observed in the waveguides fabricated with the 200-nm-thick Ti strips.
EDIT waveguides fabricated with a 100-nm-thick Ti film exhibited lowest loss in
24 µm waveguide, which was 5.19 dB/cm, whereas, waveguides fabricated with
a 200-nm-thick Ti film showed the lowest loss in 23 µm waveguide with a loss of
2.52 dB/cm. In the waveguide set fabricated with a 200-nm-thick Ti film, the 20
to 23 µm range of waveguides possess the lowest losses of ∼3 dB/cm, whereas, for
the set of waveguides fabricated using 100-nm-thick Ti strips, average waveguide
115
Chapter 5
Lo
ss
 [d
B/c
m]
0
2
4
6
8
10
Initial Width Ti Strip [μm]10 12 14 16 18 20 22 24 26
100-nm-thick Ti
200-nm-thick Ti
Waveguide Propagation Losses 
Ou
tpu
t P
ow
er 
[μ
W]
12
13
14
15
16
Wavelength [nm]1,549.80 1,549.90 1,550.00 1,550.10
Fabry-Perot response of waveguide with lowest loss
fabricated with 23-μm-wide, 200-nm-thick Ti strip(a)
(b)
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‘bottom’ wafer. (b) Propagation losses of EDIT waveguides demonstrated in Fig.
5.4, at 1550 nm wavelength in the TM mode.
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losses of ∼6 dB/cm are inferred.
The absence of a Fabry-Perot response for the TE mode can be explained by
observing the modal characteristics in Fig. 5.4. Here, the TE modes are weakly
guided with light leaking laterally away from the waveguide core. This increases
the waveguide loss, which inhibits a Fabry-Perot response. Furthermore, loss
could also be a factor for waveguides fabricated using 300-nm-thick Ti film. For
similar waveguide widths, deeper trenches provide stronger index contrast, es-
pecially along the corners of the trench [25]. Increasing the index contrast of
waveguides, generally makes them more susceptible to waveguide imperfections,
which can increase their propagation losses [66]. Additionally, the TM mode of
waveguides in the 20 µm to 25 µm width range exhibited multimode behaviour,
which is well known to deteriorate the Fabry-Perot response [128].
It was determined that EDIT waveguides are formed due to stress induced
from a topography change and surface tension reshaping. Furthermore, such
waveguides can be engineered to guide light at 1550 nm wavelength. Strain in-
duced waveguides using thin films have also demonstrated waveguiding at 1550 nm
wavelengths [125]. In case of [125], thin films of SiO2 are deposited at high tem-
peratures onto LiNbO3. When cooled down to room temperature a difference
in thermal expansion of the two material causes stress, which is induced by the
film onto the underlying substrate. Waveguides are fabricated by etching open
channels in the SiO2 film and optical waveguiding is observed in region under an
open channel. In such waveguides, optical waveguiding at 1550 nm was reported
on x -cut y-propagating CLN for 16-µm to 25-µm-wide channels. The waveg-
uide exhibiting the lowest losses (including coupling losses) was the 21 µm wide
waveguide, which was 7.7 and 6.2 dB/cm in the TE and TM modes respectively.
These losses are relatively higher when compared to EDIT waveguides of Fig. 5.4,
however, when compared to other waveguide fabrication technologies discussed
in Section 5.2, the propagation losses of EDIT waveguides losses are relatively
high. In Section 2.4.7 it was established that in EDIT waveguides sources of loss
could arise from waveguide inhomogeneities, which results in losses due to volume
scattering, or from radiation losses, where guided modes are coupled to radiation
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modes. In particular, it should be noted that in EDIT waveguides the corners of
the trench exhibit a relatively higher index change as compared to the bottom of
the trench, which was observed in Section 4.3.4. Imperfections along the corners
of the trench will also influence the waveguide losses. Further work is necessary
to determine the sources of loss and subsequently reduce them.
In conclusion, propagation losses of EDIT wavguides were measured using the
Fabry-Perot technique. A Fabry-Perot response could not be generated for all
waveguides in the TE mode. Furthermore, waveguides fabricated with a 300-
nm-thick Ti strips also could not produce a Fabry-Perot response. The set of
waveguides fabricated using the 100-nm-thick Ti film showed an average loss of
∼6 dB/cm in the TM mode. In the set of waveguides fabricated using 200-nm-
thick Ti strips waveguides in the range 20 µm to 23 µm widths showed a loss
of ∼3 dB/cm with the lowest loss observed in the 23-µm-wide waveguide, which
was 2.52 dB/cm in the TM mode.
5.3.5 Summary
To summarise, this section presented the first demonstration of EDIT waveguides
in z -cut MgCLN at 1550 nm wavelength. The waveguides demonstrated single
mode waveguiding over a large range of widths exhibiting the distinct refractive
index profile in such waveguides, where the index change is stronger at the cor-
ners of the trench. Waveguides were fabricated using strip widths of 10 µm to
25 µm in steps of 10 µm using 100-nm, 200-nm and 300-nm-thick Ti films. The
23 µm waveguide etched with the 200-nm-thick Ti film showed the lowest loss of
2.52 dB/cm in the TM mode.
5.4 Summary and Conclusions
In this chapter optical waveguides in LiNbO3 at 1550 nm wavelength were re-
viewed. It was deduced that waveguides on LiNbO3 cyrstals of compositions,
which suppress optical damage are of significance for applications in nonlinear
optics.
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EDIT waveguides previously tested for 633 nm wavelength were tested for
1550 nm wavelength, however, such waveguides were unable to support effective
optical waveguiding at 1550 nm.
To fabricate waveguides at 1550 nm, wider Ti strips were employed and Ti
films of varying thickness were also tested. Optical waveguides at 1550 nm wave-
length were fabricated on z -cut MgCLN, a crystal composition which is well
known to suppresses optical damage.
The waveguides demonstrated single mode behaviour over a large range of
widths indicating the stress nature of such waveguides, where a relatively higher
index change exists along the corners of the trench. The waveguide exhibiting
the lowest loss, which was 2.52 dB/cm in TM mode, was fabricated using a 200-
nm-thick and 23-µm-wide Ti strip. This is the first demonstration of using the
EDIT technique to fabricated waveguides at 1550 nm in MgCLN.
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Domain inversion of EDIT
processed LiNbO3 crystals
6.1 Introduction
Chapter 2 presented the fabrication of optical waveguides in x -cut CLN using
the EDIT technique. The versatility of this technique was evidenced in Chapter
3, where EDIT waveguides were realised on y-cut and z -cut CLN and z -cut Mg-
CLN. Further on, in Chapter 5 it was demonstrated that EDIT waveguides can
be engineered to guide light at 1550 nm, which is important for applications in
optical communication systems. Previous studies have shown that the region un-
der an EDIT etched trench maintains the bulk crystalline properties and material
composition without impurities [23, 50]. It was suggested that such character-
istics are favourable in realising nonlinear integrated optic devices using EDIT
waveguides.
Nonlinear integrated optic devices are used to realise a number of nonlinear
optical processes, which include second harmonic generation (SHG) and optical
parametric oscillation (OPO), just to name a few. Such processes essentially
involve wavelength conversion, where power from one wavelength is coupled to
another or two or more wavelengths interact with each other to produce fur-
ther wavelengths. For efficient coupling or interactions it is important that the
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interacting wavelengths are efficiently phase matched. In LiNbO3, this is pre-
dominantly achieved by Quasi-Phase Matching (QPM) techniques [129]. In this
technique, to maintain the phase between the interacting waves, a structural in-
version is created within the crystal, in the region where the interacting waves
go out of phase. This allows the efficient accumulation of power in the required
wavelength, rather than inefficient coupling of power back and forth between the
pumping wavelengths and the target wavelengths. The structural inversion in
LiNbO3 crystals is realised through a process known as ‘poling’ or ‘domain inver-
sion’.
LiNbO3 is a ferroelectric crystal at room temperature, which indicates that it
possesses a built in electric field or a spontaneous polarisation (Ps). The orienta-
tion of Ps defines the domain of the crystal. In LiNbO3, Ps is directed along the
crystal z -axis. In the crystal structure two orientations are possible, parallel and
anti-parallel to the initial orientation. This is illustrated in Fig. 6.1. Domains in
LiNbO3 are inverted by applying a strong electric field whose polarity is opposite
to that of Ps, during which, the Li ion shifts into the next oxygen octahedron and
the Nb ion remains in its oxygen octahedron but shifts towards the opposite end,
along the z -axis. A variety of techniques are available for domain inversion, of
which the Electric Field Poling (EFP) technique has proven to be the most reli-
able and well established [38]. In order to utilise EDIT waveguides for nonlinear
O
plane
Ps
Ps
Before domain inversion After domain inversion
Figure 6.1: Change in crystal structure of LiNbO3 after domain inversion.
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optical applications, their compatibility with EFP is of significance and hence an
investigation into the EFP characteristics of EDIT waveguides is required.
This chapter investigates the electric field poling of EDIT waveguides and
is structured as follows: Section 6.2 describes the Electric Field Poling (EFP)
technique to fabricate domain inverted structures in LiNbO3. In Section 6.3 EFP
is applied to EDIT processed CLN and MgCLN and its poling characteristics are
discussed. Additionally, the fabrication of periodically poled EDIT waveguides is
demonstrated. Section 6.4 then presents the summary and concluding remarks.
6.2 Domain inversion in LiNbO3 using electric
field poling
Domain inversion in LiNbO3 has been well researched, especially in the context
of engineering periodic domain inverted structures to realise not only optical
wavelength conversion devices [15, 129] but also acoustic transducers [130, 131].
To fabricate such devices, various techniques have been implemented including
Ti in-diffusion [132], heat treatment [133], electron-beam writing [134], focused
ion-beam writing [135], scanning probe microscopy [136], UV laser illumination
[137, 138], electric field poling (EFP) [139, 140] and a combination of UV illumi-
nation and EFP [38]. Of these, EFP has emerged as most reliable and commonly
used technique to fabricate periodic domain inverted structures. In this sec-
tion, the EFP technique is analysed on untreated LiNbO3 crystals to examine
the important process characteristics and parameters, which is useful when the
technique is applied further on to EDIT processed crystals.
6.2.1 Electric Field Poling (EFP)
The ferroelectric characteristics of LiNbO3 crystals are defined along the crystal
z -axis. In the EFP technique an electric field is applied along the crystal z -axis
with a polarity opposite to the spontaneous polarisation (Ps). When the applied
electric field exceeds a threshold known as the coercive field (EC) the domain in-
version process occurs, during which the Li and Nb ions shift from their original
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positions as illustrated in Fig. 6.1. To apply this electric field, suitable electrodes
need to be designed. This is relatively easier to achieve on z -cut crystals as com-
pared to x and y-cut crystals [140], as electrodes can be easily fabricated on the
±z faces and allows efficient interaction of the electric field with the crystal. This
section describes the EFP poling setup for domain inversion of z -cut LiNbO3 and
will be utilised further on, in the domain inversion of EDIT processed crystals.
The standard EFP setup is illustrated in Fig. 6.2 [141]. It consists of a z -cut
LiNbO3 wafer sandwiched in between two silicone O-rings in a perspex jig. The
perspex jig consists of inlets connected to a reservoir containing a liquid elec-
trolyte, which is in contact with the crystal surface forming liquid electrodes. A
solution of LiCl dissolved in water was found the be the most suitable for use
as the liquid electrolyte [142]. This is connected to a Trek 20/20C high voltage
amplifier (HVA) having a gain of 2000, allowing it to generate voltage outputs in
the order of ±20 kV. An arbitrary waveform generator is connected to the HVA
to apply a pulsed waveform to domain invert the crystal. The positive electrode
of the HVA is connected to the +z -face and the −z -face is grounded via a resistor
+z
+–
HV
Amplifier
Collimated beam from 
a white light source
Polariser Analyser
Focusing
Lens 
CCD 
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Figure 6.2: Electric field poling (EFP) setup.
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(10-100 kΩ), which is used to measure the poling current. When domain inver-
sion occurs, the Li and Nb ions shift from their original positions. A movement
of ions constitutes a flow of charge resulting in an electric current. Monitoring of
the poling current is useful as it gives an indication of the occurrence of domain
inversion. During the poling process a decrease in the current indicates the do-
main inversion process is coming to an end. Furthermore, the domain inversion
process can also be visualised using white light source and a CCD camera. A
collimated beam from a white light source is transmitted through the crystal via
a polariser. The light output at the other end of the crystal passes thorough a
second polariser, known as the analyser, which is set to minimum transmission
(forming a pair of cross-polarisers) and then focused onto a CCD camera. The
optical setup enables in-situ visualisation of the poling process. When the ap-
plied field is just greater than EC , the onset of poling can be physically visualised
by the observance of a domain wall. The interface between oppositely oriented
domains is known as a domain wall. Strain induced birefringence in these regions
causes light to scatter. The scattered light, possesses a polarisation different to
that of the analyser and hence the domain walls can be visualised on the CCD
camera. The presence of a domain wall infers the occurrence of domain nucle-
ation where an area of the crystal in contact with the liquid electrode is domain
inverted. This occurs generally at the edges of the O-rings since for any electrode
structure the electric field is strongest at the edge of the electrode [143].
Using this setup, domain inversion can be performed on z -cut LiNbO3 crystals.
It can also be used to measure EC whose value is sensitive to LiNbO3 crystal
composition and defect structure. The measurement of EC is described in the
next section.
6.2.2 Measurement of the coercive field (EC)
The measurement of EC is of significance as its magnitude depends on the com-
position and defect structure of the crystal [144]. LiNbO3 is characterised by
two coercive fields, the forward coercive field EC,F and the reverse coercive field
EC,R, depending on the direction of poling. The magnitude of EC,F is obtained
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when domain inversion is performed on an as received untreated LiNbO3, which is
∼21 kV/mm for CLN [144]. When an electric field of opposite polarity is applied
to re-orient the domain inverted region to its previous state the magnitude of the
field obtained is EC,R, which is ∼ −16 kV/mm [144]. The anisotropy observed
in forward and reverse coercive fields has been credited to the presence of a de-
fect induced internal field [145], whose polarity does not reorient fast enough to
follow polarisation reversal but it eventually adjusts to the change. The process
can speed up with annealing. If the EDIT process causes any significant change
to the crystal properties, with regards to composition and defect structure, this
can be detected by measuring EC . In this section measurement of EC CLN is
performed in order to validate the EFP setup and compare values obtained to
those in literature.
To measure EC , the sample was placed in the EFP setup described in Section
6.2. The input voltage was ramped up at a constant rate while simultaneously
t = 0s t =22s t =54s
t = 59s t = 61s t = 66s
O-ring E  = 20.4 kV/mmc
Figure 6.3: Coercive field (EC) of CLN measured using in-situ visualisation of
domain wall movement (snapshots of CCD camera at specific time intervals), at
time t = 22 s, a domain wall can be observed at the O-ring edge. At this point the
applied voltage ramp is paused. The electric field is maintained, which gives EC
= 20.4 kV/mm. Over time the domain wall propagates and merges with other
domain walls.
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observing the illuminated crystal surface on the CCD camera. In order to obtain
comparable data sets it is essential to maintain a consistent ramp rate for all
measurements since domain nucleation has been observed to possess a random
behaviour, which depends on the slope of the voltage ramp. The voltage ramp
was maintained at 30 V/(mm s) based on previous work in Ref. [146]. When
the applied field was just greater than EC , the onset of poling can be physically
visualised by the observation of a domain wall. On the observation of the domain
wall, the voltage ramp was paused. The value of the input voltage at this point
provided the measurement of EC,F . The input voltage was held at this point
until complete domain inversion occurs. The voltage was then ramped down to
zero. To measure EC,R, the same method described above was applied, except a
negative voltage ramp was applied to the crystal.
Fig. 6.3 illustrates the measurement of EC . It presents specific snapshots
from the CCD camera during the domain inversion process. In Fig 6.3 at t =
22 s the applied field is just greater than EC , the onset of poling can be physically
visualised by the observation of a domain wall denoted by a white arrow. At this
point the voltage increase was paused, and the electric field was maintained at this
point, which provided the value of EC,F = 20.4 kV/mm. Over time the domain
wall propagated, indicating the area undergoing domain inversion was increasing.
As further time elapsed, domain walls appeared in other regions of the crystal
close to the edges of the O-rings. Over time these domain walls merged together
to complete the domain inversion of the area in contact with the liquid electrodes.
Using a similar method, EC,R was measured to be −15.6 KV/mm. The measured
values are similar to those reported in literature [144].
6.2.3 Fabrication of Periodically Poled Lithium Niobate
(PPLN)
Periodic domains are essential to realise QPM nonlinear process and when LiNbO3
is fabricated with periodic domains the resulting crystal is termed as Periodically
Poled Lithium Niobate (PPLN). For the fabrication of PPLN, a periodic elec-
trode structure is required. These were realised photolithographically, using a
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A periodic photoresist pattern is created 
on the +z surface to define regions where 
the liquid electrolyte contacts the surface. 
When the applied electric field goes above 
the coercive field (E ) domain nucleation 
takes places at the edges of the contacts
and start propagating towards -z face.   
c
As domains propagate towards the -z face
they spread sideways as well.   
The domains eventually merge to form a 
single inverted domain under each resist 
opening which overall results in a 
periodically poled structure.
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(3) 
(4) 
Figure 6.4: Formation of periodic domains using gratings fabricated on photore-
sist as a mask.
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thick photoresist (AZ4562), on the +z surface of the crystal. The same poling
setup described above was utilised, where openings in the periodic resist pattern
allowed contact of the liquid electrolyte with the crystal. The thick photoresist
was used to act as an insulator in the areas where crystal polarisation needs to
be maintained [147, 148]. The domain inversion process is depicted in Fig. 6.4.
When the electric field rises above EC , domain nucleation occurs at the edges
of the openings in the resist where the electrolyte is in contact with the crystal
surface. This is due to the presence of large fringing field at the edges of the elec-
trode [143]. The nucleated domains propagate towards the −z face of the crystal.
As they propagate downwards they tend to spread laterally as well, due the fring-
ing field possessing electric field components, directed downwards and laterally
sideways as well. On reaching the −z face, the domains eventually merge to form
one complete inverted domain under the resist opening. This occurs under ev-
ery resist opening to ultimately result in PPLN along the length of the crystal.
The lateral spread of the domains causes domain inversion to creep under the
photoresist. This spreading of domains is anisotropic in nature, where domains
grow faster along the crystal y-axis as compared to the x -axis [77]. This allows a
relatively higher degree of control of domain spread along the x -axis during EFP.
Therefore, in order to achieve domain structures in line with the electrode pat-
terns, domains directed along the y-axis are preferred, with periodicity realised
along the crystal x -axis. Hence, waveguides in PPLN are also generally aligned
along the crystal x -axis. To fabricate periodic domains with a 50 % duty cycle,
a photoresist grating with periods of shorter duty cycle are usually adopted to
compensate for domain spreading.
The EFP technique for the fabrication of PPLN has been well established.
Before an attempt was made to apply PPLN to EDIT processed crystals it was
important to realise PPLN on bare LiNbO3 crystals using the established pro-
cedures described in literature. The following paragraph describes the method
followed to fabricate PPLN with to goal to visualise periodic domains similar to
those reported previously [147].
To fabricate PPLN initially a photoresist grating pattern containing periods
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of 17.8 to 19.1 µm was fabricated on the +z face of z -cut CLN with processing
details provided in appendix A. Such periods are of significance in wavelength
conversion processes in the infrared region [149]. The sample was placed in the
poling setup described in Fig. 6.2. In EFP for PPLN, the characteristic voltage
pulse developed by previous work in Ref. [147, 148, 150] was utilised where the
applied voltage is gradually ramped upto ∼80% of the coercive field, followed by
a pulse where the applied field is greater than EC and finally terminated by a
gradual ramp down of the applied voltage. The duration of the pulse depends on
the total area in contact with the liquid electrode and is given by [147, 148],
Q =
∫
Ip(t)dt = 2Ps · Ap (6.1)
Where, Q is the total amount of charge required to pole the crystal, Ip is
the poling current, Ps ≈ 78 µC/cm2 is the spontaneous polarisation of LiNbO3
and Ap is total area undergoing domain inversion. The voltage across the sample
and the poling current were measured during domain inversion. To visualise the
periodic domains after the poling process, a commonly employed technique, HF
etching, is used where different etch rates between the +z and −z faces reveal
the periodic structure in the form of raised ridges when observed on the −z face
or etched trenches when observed on the +z face.
The electric field and current waveforms for the PPLN fabrication process are
presented in Fig. 6.5 (a). It can be observed that when the applied field is greater
than EC there is a corresponding increase in the poling current and voltage drop
across the sample. On the completion of poling the current drops and the voltage
across the sample returns to following the applied field. Fig. 6.5 (b) shows the
subsequent HF etching of the PPLN, which reveals the corresponding domain
pattern of period 17.8 µm.
Thus, the fabrication of PPLN structures on bare LiNbO3 has been demon-
strated. This method can be employed further on to realise PPLN structures on
waveguides fabricated using the EDIT technique.
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Figure 6.5: (a) Electric field and current waveforms for the periodic poling process
(b) Resulting PPLN with 17.8 µm period revealed by HF etching.
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6.2.4 Summary
In summary, the EFP technique to domain invert z -cut LiNbO3 crystals was
examined. Using this technique the measurement of EC was demonstrated. Fur-
thermore, this technique was employed in conjunction with photolithographically
defined grating structures on the +z surface to fabricate PPLN on z -cut CLN.
Using this knowledge in the next section the EFP technique is applied to EDIT
etched LiNbO3 crystals.
6.3 EFP of EDIT processed LiNbO3 crystals
For nonlinear optical applications, channel waveguides are better suited when
compared to bulk optics, as they improve device efficiency by providing strong
field confinement over an extended interaction length [129]. However, in order
to exploit the inherent optical properties of the material, the waveguide fabri-
cation process should preserve the material properties [107]. Furthermore, the
incorporation of dopants such as Ti to fabricate in-diffused waveguides can intro-
duce unwanted side effects like increased photorefractive damage [83]. In EDIT
waveguides, it has been shown that the region under the etched trench retains
the properties of the original crystal and is free of impurities [23]. Hence, such
waveguides are suitable in the fabrication of nonlinear integrated optical devices.
However, it is critical that EDIT waveguides are compatible with the EFP ex-
amined in Section 6.2. This technique is well established to fabricate periodic
domain inverted gratings, which are essential to realise QPM nonlinear processes
[15]. This section investigates the domain inversion characteristics of EDIT pro-
cessed z -cut LiNbO3 crystals using the EFP technique.
6.3.1 Bulk poling of EDIT etched trenches
EDIT is a high temperature process as it relies on Ti diffusion [49]. Periodic
domains in LiNbO3 are not stable at temperatures greater than 800
oC [105].
Crystal ions and defects are fairly mobile at high temperatures, resulting in their
redistribution within the crystal. A consequence is the distortion of the periodic
domain structure. This indicates that the EFP technique must be applied after
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the EDIT waveguide fabrication process.
It has been reported that when z -cut LiNbO3 is annealed to high tempera-
tures it creates a thin domain inverted layer on the +z face [151], which prevents
subsequent electric field poling of the crystal [45, 106]. It has been suggested
that it occurs mainly due to Li out-diffusion. In order to pole the crystal after
high temperature annealing the domain inverted layer needs to be mechanically
grounded off. This is time consuming and furthermore, it reduces the mechani-
cal resistance of the crystal, increasing the probability of breakage in subsequent
processing steps [106]. Additionally, to circumvent the undesired high tempera-
ture domain inversion on the +z -face, Li out-diffusion suppression techniques can
be employed [106, 152]. The fact that the EDIT process is performed in a wet
oxygen environment is favourable as it suppresses Li out-diffusion [33]. Hence do-
main inversion should be possible on z -cut crystals etched by the EDIT technique.
To test this hypothesis, similar processing conditions described in previous
experiments in Section 3.3 were used. 100-nm-thick Ti strips of 3 µm to 7 µm
widths in steps of 0.5 µm, patterned on x -cut CLN were used to etch trenches,
propagating along the crystal x -axis, on the +z and −z faces of z -cut CLN and
MgCLN using the EDIT technique. The samples were annealed in a wet oxygen
atmosphere for a duration of 15 hours. After the EDIT process, the EFP tech-
nique described in Section 6.2, with real-time in-situ visualisation, was used to
domain invert the crystals and measure EC as it is sensitive to crystal compo-
sition and defect structure [99, 144]. As examined in Section 6.2.2 for LiNbO3
crystals are characterised by two coercive field EC,F and EC,R, hence, each crystal
undergoes 3 poling cycles, once in the forward direction to invert the initial do-
main, once in the reverse direction to revert it back to its original state and once
again in the forward direction. The respective EC is measures during the first
two poling cycles, while the final poling cycle is performed in order to further on,
visualise the inverted domains using the HF etching technique. As a comparison,
EFP was performed on untreated CLN and MgCLN crystals, to identify any sig-
nificant changes in the magnitude of the EC when such crystals are subjected to
EDIT processing.
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Coercive Fields
[kV/mm]
CLN MgCLN
EC,F Untreated 20.2 5.92
EC,R Untreated -15 -4.08
EC,F EDIT +z > 25 5.9
EC,R EDIT +z - -4.8
EC,F EDIT −z 20.4 6.3
EC,R EDIT −z -15.4 -5
Table 6.1: Coercive fields for EFP of z -cut LiNbO3. EC,F - forward coercive field,
EC,R - reverse coercive field
Table 6.1 displays the measured EC for the corresponding crystals noted down
during the first (forward) and second (reverse) poling cycles. The values of EC for
the untreated crystals align well with reference values from literature [144, 153].
For CLN crystals with EDIT etched trenches on the +z face, during the first pol-
ing cycle dielectric breakdown occurred and bulk poling could not be achieved.
Domain inversion was accomplished for CLN crystals with EDIT etched trenches
on the -z face and with no significant difference observed in the magnitude for
EC when compared to untreated crystals. For MgCLN crystals, domain inver-
sion was achieved for both, trenches on the +z and the -z face. Furthermore, the
values of EC for EDIT etched MgCLN are similar to untreated MgCLN crystals.
Fig. 6.6 illustrates EDIT etched trenches for the +z and -z faces of CLN and
MgCLN, which were subjected to EFP and subsequent HF etching to reveal the
domain inverted structure. The trenches (horizontal stripes) etched by Ti strips
of widths 3 µm to 7 µm in incremental steps of 0.5 µm can be observed for the
respective surfaces. The white arrow points to a domain wall, visible in all cases
except for the case of EDIT etched trenches on +z face of CLN where dielectric
breakdown occurred. The presence of a domain wall indicates domain inversion
has occurred completely through the bulk crystal. The region to the right of the
domain wall is the area in contact with the liquid electrode during poling and is
133
Chapter 6
+z
CLN MgCLN
200 μm
–z
Figure 6.6: EDIT etched trenches (horizontal stripes) for the respective LiNbO3
crystal compositions and surfaces, etched using 100-nm-thick Ti strips of 3 µm
to 7 µm widths (top to bottom), in steps of 0.5 µm, with x -cut CLN as the
‘bottom’ wafer. The EDIT trenches have undergone subsequent HF etching to
reveal domain walls. The domain walls are indicated with white arrows. Area to
the right of domain wall is domain inverted region, except in case of EDIT etched
+z -face CLN in which dielectric breakdown occurred.
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the domain inverted region.
Hence, it has been proved that LiNbO3 crystals undergone EDIT etching can
be domain inverted using EFP, except for trenches fabricated on the +z face of
CLN, which requires further examination.
6.3.2 Poling inhibition of EDIT trenches on the +z face
of CLN
Domain inversion was not possible for EDIT etched trenches on the +z face.
During the poling process dielectric breakdown occurred. Fig. 6.6 illustrated the
EFP of EDIT etched trenches on the +z face of CLN, subjected to HF etching,
where no domain wall was observed. However, it appears some indistinguishable
features are present on the bottom −z -face requiring further exploration.
Fig. 6.7 (a) presents the same image of EDIT etched trenches on the +z -face
of CLN shown in Fig. 6.6 with a white dotted line. The region to the right of the
white dotted line is the area that was in contact with the liquid electrode while
the dotted white line signifies the electrode edge. In Fig. 6.7 (b) the microscope
focus is now on the bottom of the substrate for the same area imaged in Fig.
6.7 (a). It appears domain nucleation has occurred on the −z face with nucle-
ation points concentrated along the electrode edge and in the area in between the
etched trenches. Fig. 6.7 (c) shows a magnified image of the nucleation points
on the −z face. It reveals that the nucleation points are indeed surface domains
with typical hexagonal shape. Some domains have merged along the surface to
form long surface domains.
The fact that the EDIT etched +z face of CLN crystals could not be poled was
unexpected. Such behaviour has been reported previously, where the presence of a
domain inverted layer on the +z face, formed during high temperature annealing,
acts as an insulating layer preventing subsequent EFP [45, 106]. It is possible
that a similar domain inversion process occurs on the +z -face when it is EDIT
etched.
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Figure 6.7: (a) EDIT etched trenches (horizontal stripes), etched using 100-nm-
thick Ti strips of 3 µm to 7 µm widths (top to bottom), in steps of 0.5 µm, with
x -cut CLN as the ‘bottom’ wafer, on the +z -face CLN after EFP and subsequent
HF etching. (b) Microscope image of the same region of EDIT etched trenches on
+z face of CLN, but microscope focus is on the −z face at the bottom revealing
domain nucleation. (c) Magnified microscope image of nucleated surface domains
on the −z face.
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The mechanism behind the phenomenon of domain inversion in LiNbO3 at
high temperatures is not completely understood though reasonable theories have
been proposed. It was suggested that when LiNbO3 is annealed in a dry oxygen,
or argon atmosphere, domain inversion occurs on the +z face due to Li out-
diffusion [45, 106]. A model was proposed, where, during Li out-diffusion a built
in space charge field, opposing Ps, is generated due to the ionisation of diffused
atoms or defects [151, 154, 155]. In regards to diffusion of ions, Ti diffusion on
the +z -face results in domain inversion [156]. It has also been observed that
domain inversion can occur in proton exchanged regions [157, 158]. In the EDIT
process it was demonstrated in Section 3.4 that H+ ions play a crucial role in
the process where they have to be incorporated to the ‘top’ wafer for etching to
occur. It is possible that this process may lead to domain inversion. Addition-
ally, It is known that annealing in a wet oxygen atmosphere can suppress the
out-diffusion of Li [33]. EDIT is indeed performed in a wet oxygen environment,
but it is proposed that the OH− ions are drawn to the bottom wafer to neutralise
the charge imbalance that builds up during Ti diffusion. As a result the ‘top’
wafer will not receive many OH− ions and thus Li out-diffusion on the surface of
the top wafer is a distinct possibility. Furthermore, it has been suggested that
EDIT waveguides are stress induced [25]. It has been proposed that stress can
also produce domain inversion in LiNbO3 [159, 160], and hence the effects of the
possible stress produced under EDIT trenches need to be taken into account.
It is important to note here that, EDIT etching of MgCLN on the +z face
does not appear to affect the EFP characteristics. This suggests that the do-
main inversion process does not occur for MgCLN. Ti diffusion induced domain
inversion of the +z face of CLN and MgCLN has been investigated [161]. It was
found that under the same fabrication conditions the depth of domain inversion
in MgCLN was an order of magnitude lower as compared to CLN. This may be
the case in EDIT etching as well where, if domain inversion is indeed taking place
on the EDIT etched +z face of MgCLN, it may not be that significant to cause
any change in the poling behaviour.
An interesting phenomenon observed in poling EDIT trenches on the +z face
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of CLN is that it is accompanied by domain nucleation on the −z face as observed
in Fig. 6.7 (b) and (c). Despite an extensive review of literature, it would appear
that such behaviour has not been reported previously. It is the commonly held
view that in EFP of LiNbO3 domain nucleation always originates on the +z face
[45, 162]. Domain nucleation on the −z face has been observed previously in UV
light assisted EFP of Mg-doped LiNbO3 [153]. In those experiments, UV light at
334 nm and 305 nm wavelengths were employed, where absorption is relatively
low for LiNbO3. It was suggested that UV light could recharge pinning defects,
which frustrate domain inversion. Pinning defects in LiNbO3 are Nb on Li (NbLi)
site defects, formed due to Li deficiency [65, 153]. Furthermore, the domain nu-
cleation sites observed Fig. 6.7 (b) reveals an interesting characteristic. There
is a high density of nucleation points at the electrode edge, which is expected
due to fringe fields [143], however, as one moves inward away from the electrode
edge, nucleation points emerge in the region between the etched trenches. This
suggests a possible redistribution of ions or defects within the crystal, influencing
domain nucleation during EFP [99]. For EDIT etching on +z face, the possibility
of a such change in the Li concentration or the redistribution of ions or defects
just at the +z surface requires further investigation.
To summarise, when EDIT etching is applied to the +z face of z -cut CLN the
resulting etched crystal cannot be domain inverted by EFP. The reason behind
this behaviour could be due to a variety of complex processes like domain inversion
due to stress or charge migration and ion/defect redistribution. Further research
is required to investigate this phenomenon.
6.3.3 Periodic poling of EDIT trenches
In Section 6.3.1, it was demonstrated that the EDIT trenches on the −z face
of both CLN and MgCLN can be poled using EFP and hence it is possible to
fabricated periodic domains on such EDIT processed crystals.
To fabricate PPLN EDIT trenches, 100-nm-thick and 3 µm to 7 µm Ti strips
widths in steps of 0.5 µm on x -cut CLN were utilised to etch trenches, propa-
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gating along the crystal x -axis, on the −z face of z -cut CLN. The same method
described in Section 6.2.3 to fabricate PPLN was applied to EDIT etched trenches
on the −z face of CLN. To visualise the domains after EFP, the HF etching tech-
nique was used. Fig 6.8 shows periodically poled EDIT etched trenches on the
−z face of CLN. The periodic domains revealed by HF etching are clearly visible
across the EDIT trenches. This illustrates that PPLN EDIT waveguides can be
fabricated using EFP.
In order to utilise PPLN EDIT waveguides for applications in nonlinear in-
tegrated optics, it is important that the propagation losses in such waveguides
are reduced to acceptable levels. Section 5.3.4 demonstrated EDIT waveguides at
1550 nm, where the waveguide with the lowest loss was 2.52 dB/cm. In order to
use these waveguides effectively for nonlinear optical applications, this loss should
be reduced closer to 1 dB/cm or less. To achieve this a systematic investigation
needs to be performed to identify the sources of loss.
Thus, in conclusion, it has been shown that the EFP technique can been
50 μm
Figure 6.8: Periodically poled EDIT trenches on −z -face on z -cut CLN, propa-
gating along the crystal x -axis, etched using 100-nm-thick Ti strips, with x -cut
CLN as the ‘bottom’ wafer. The period of the domains is 17.8 µm revealed by
HF etching.
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utilised to fabricate PPLN EDIT waveguides. Such waveguides could be used for
nonlinear optical applications.
6.3.3.1 SHG from PPLN EDIT Waveguides
With the demonstration of the fabrication of PPLN EDIT waveguides as ob-
served in Fig 6.8, it is expected that such structures should also exhibit nonlinear
functionality. Nonlinear processes such as Second Harmonic Generation (SHG)
in PPLN waveguides are typically characterised by a tuning curve which has the
sinc2 form and the tuning parameters are typically temperature or wavelength
[149]. Thus, PPLN EDIT waveguides would also need to be characterised in a
similar manner for their nonlinear functionality.
To test PPLN EDIT waveguides for SHG of 1550 nm wavelength, EDIT waveg-
uides were fabricated on CLN using similar parameters employed in Section 5.3
for MgCLN. Ti strips of 10 µm to 25 µm in steps of 1 µm on x -cut CLN with a
thickness of 200 nm were utilised as the ‘bottom’ wafer to etch z -cut CLN ‘top’
wafer. The wafers were annealed in contact in a wet oxygen atmosphere for 25
hours. After the EDIT process, the etched sample was subjected to EFP as de-
scribed in Section 6.2.3. The domain gratings ranged from 17.8 µm to 19.1 µm,
designed for SHG in the wavelength range 1530 nm to 1560 nm. To test the
waveguide, the sample was placed in an optical setup illustrated in Fig. 6.9. It
consisted of a tunable laser (Agilent 8164A), with a tuning range of 1510 nm to
1640 nm, connected to an Erbium Doped Fiber Amplifier (EDFA) which ampli-
fied the input signal to a power level which was sufficient to generate a nonlinear
response from the sample under test. From the EDFA, the signal passed through
a fiber collimator setup which produces a collimated beam of light. This beam
was then coupled into an optical setup similar to the one depicted in Fig. 2.9 ex-
cept the sample was placed on a temperature controlled micro-positioner stage.
The temperature controlled stage was used maintain the temperature of the sam-
ple at ∼150 oC to prevent optical damage due to the photorefractive effect [15].
The output from sample then passed thorough a dichroic mirror which trans-
mitted the 1550 nm signal but reflected the second harmonic at 775 nm. The
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Figure 6.9: Optical setup to measure the SHG response of PPLN EDIT waveg-
uides
output signals were detected on IR and visible power meters and data from the
power meters were logged to a central computer via a Labview program which
also controls the wavelength tuning of the tunable laser.
Fig. 6.10 presents the SHG response at 150 oC from a 23 µm EDIT waveguide
with a 18.5 µm PPLN grating having a length of 17 mm. It can be observed
that the SHG output follows the form of a sinc2 function. This indicates that
the PPLN EDIT waveguides show a nonlinear response typical of QPM devices.
Fig. 6.10 demonstrates that the fabricated PPLN EDIT waveguides exhibit
nonlinear functionality. To advance further it would be important to quantita-
tively measure the conversion efficiency and compare it with other competing
technologies. For this, the effective area of the optical mode at 1550 nm would
need to be measured. Furthermore, along with working towards fabricating low
loss EDIT waveguides, additional steps should be taken to explore techniques to
improve nonlinear functionality to realise EDIT waveguides which are competi-
tive with or better than Ti diffused or proton exchanged waveguides. To improve
device efficiency a good overlap between the interacting modes should exist. In
EDIT waveguides the refractive index profile differs from that of conventional
waveguides, where the refractive index change is stronger along the corners of
141
Chapter 6
SH
G 
Ou
tpu
t [a
.u.
]
0
0.2
0.4
0.6
0.8
1
Fundamental Wavelength [nm]
1,547 1,548 1,549 1,550 1,551 1,552 1,553
 Measured SHG output
sinc2 fit
Figure 6.10: SHG response at from a 23 µm EDIT waveguide at 150 oC for PPLN
grating period of 18.5 µm and 17 mm length.
the EDIT waveguide. To improve mode interaction, one could design a suitable
etched cross-section which would allow efficient mode overlap. Increasing the in-
teraction length of the waveguide can also improve device efficiency, however, the
waveguide must maintain homogeneity over the interaction length. For EDIT
waveguides, this would be imply maintaining a constant etch depth along the
length of the waveguide.
In conclusion it has been shown that PPLN EDIT waveguides can exhibit
QPM nonlinear functionality and can be used to realise nonlinear integrated op-
tic devices. It should be acknowledged that for the material presented in this
subsection, Mr. Jonas Khan conducted the periodic poling based on the tech-
nique presented in Section 6.2.3 and the SHG characterisation experiments were
conducted by Mr. Andreas Boes. A full account of this study can be found in
the Bachelor of Engineering thesis by Mr. Jonas Khan [163].
6.3.4 Summary
In conclusion, the EFP poling technique was applied to EDIT processed z -cut
CLN and MgCLN crystals. EC of EDIT processed crystals do not change signif-
icantly except in the case of EDIT etched trenches on the +z face of CLN. Here,
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during the poling process dielectric breakdown occurred and bulk poling could
not be achieved, although domain nucleation was observed on the −z face. The
exact cause of this behaviour is yet to be determined and needs further investi-
gation.
Considering in all other cases EDIT processed crystals could be bulk poled,
periodically poled domains were fabricated on the EDIT etched −z face of CLN
and additionally nonlinear functionality was also demonstrated. This makes it
possible to realise PPLN EDIT waveguides for applications in nonlinear inte-
grated optics. It was suggested that prior to realizing such application, further
investigations are required to identify the sources of loss and subsequently re-
duce them to acceptable levels and also quantify the conversion efficiency of such
devices.
6.4 Summary and Conclusions
It was suggested the EDIT waveguides, which are impurity free and maintain the
bulk crystalline properties, could be useful for applications in nonlinear integrated
optics. In LiNbO3 these are generally realised by applying QPM techniques in
the form of PPLN.
In this chapter, the EFP technique to fabricated PPLN was studied. It was hy-
pothesised that since the EDIT process is performed in a wet oxygen atmosphere,
which suppress Li out-diffusion, the EFP technique should be directly compati-
ble with EDIT waveguides. It was observed that EDIT waveguides can be poled
directly after the fabrication process except for EDIT waveguides fabricated on
the +z face of CLN, which was unexpected and requires further investigation.
With this knowledge, the fabrication of PPLN EDIT waveguides on the −z
face of CLN was demonstrated. It was suggested that before any attempt is
made to realise nonlinear devices it is important that the waveguides losses are
further reduced, which requires further investigations on the sources of loss in
EDIT waveguides, and the conversion efficiencies of such devices are quantified.
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Conclusions and Future Work
7.1 Introduction
The aim of this thesis was to investigate the optical waveguide like behaviour of
the region under an EDIT etched trench, unearth the possible mechanism behind
the refractive index change in EDIT wavguides and furthermore explore possible
applications. It was confirmed that the region under an etched trench is indeed
an optical waveguide, supporting optical modes. The optical mode behaviour
can be controlled and it is applicable to different orientations and compositions
of LiNbO3 crystals. Finally, the physical mechanism behind the formation of such
waveguides was also determined and fabrication of optical devices, which could be
used in fiber optic telecommunications and nonlinear optics was demonstrated.
Thus, the objectives laid out at the start of the thesis have been achieved and
the next section presents a summary of each of these achievements.
7.2 Outcome of this work
In Chapter 2 the EDIT technique was introduced and its characteristics were
discussed. An optical microscopy characterisation of the etched cross-section was
performed, which showed evidence of a refractive index increase in the region un-
der the etched trench. The region under the etched trench was tested for optical
waveguiding and it was observed that it supported optical modes. The guiding
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properties of this region, were found to depend on the etch depth of the trench and
polarisation of the light input. Using this characteristic, single mode waveguides
at 633 nm wavelength were demonstrated on x -cut CLN with trenches propa-
gating along the crystal y-axis. Furthermore, the insertion losses of the EDIT
waveguides were measured at 633 nm with the 7 µm waveguide showing the low-
est losses at 2.19 dB/cm in the TE mode. The loss of TM modes was shown to
be relatively sensitive to the etch depth.
In Chapter 3 the EDIT technique was extended to y-cut and z -cut CLN and
z -cut MgCLN and SLN crystals. The EDIT technique was shown to be inde-
pendent of crystal orientation as long as the Ti diffused ‘bottom’ wafer was kept
constant, similar etch depths were achieved for x, y, 128o yx and z -cut CLN and
z -cut MgCLN crystals. A significant reduction in the etch depth was observed
only in case of z -cut SLN crystals and this was attributed to the absence of VLi
defects. This reduction in etch depths made EDIT trenches in SLN unsuitable
for optical waveguiding. In other cases, optical waveguiding was demonstrated in
y, and z -cut CLN and z MgCLN crystals. Light input polarised along the crystal
z -axis is always more strongly guided, which is due to the inherent anisotropic
ferroelectric nature of the LiNbO3 crystal structure.
Chapter 4 delved into the possible mechanisms that could cause optical waveg-
uiding in EDIT etched trenches. The piezoelectric properties of the etched surface
were tested using a PFM and it was found that the piezoelectric properties of
the substrate were maintained in the etched regions. The often mentioned sur-
face smoothness of the EDIT etched trenches were found to occur due to surface
tension reshaping, which was demonstrated on a HF etched and annealed trench.
It was hypothesised that at the high temperatures at which EDIT takes place
the etched surface relaxes and smoothens to an energetically favourable state,
when cooled down to room temperature, this smoothened surface is not in equi-
librium with underlying substrate. To obtain an energetically favourable state
the reformed etched surface applies stress on the underlying substrate and this
results in an increase in the refractive index, via the photo-elastic effect, under an
etched trench. This was proved by demonstrating waveguides in trenches etched
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by HF etching and annealing them the same atmosphere in which EDIT takes
place. The HF etched and annealed waveguides showed weaker guiding as com-
pared to EDIT waveguides. Furthermore, it was demonstrated that an isolated
smoothened etched corner is sufficient to support optical waveguiding.
In Chapter 5 the EDIT technique was used to fabricate waveguides at 1550 nm
wavelength. To fabricate such waveguides, wider Ti strips were used and Ti films
of varying thickness were also tested. Optical waveguides at 1550 nm wavelength
were fabricated on z -cut MgCLN. The waveguides demonstrated single mode
waveguiding over a large range of widths (10 µm to 25 µm) indicating the stress
nature of such waveguides where the refractive index change is stronger along the
corners of the trench. The waveguide of lowest loss, which was 2.52 dB/cm in
the TM mode, was fabricated using a 200-nm-thick and 23 µm wide Ti strip.
In Chapter 6 the EFP technique used to fabricated PPLN was applied to
EDIT processed crystals. It was hypothesised that since the EDIT process is
performed in a wet oxygen atmosphere, the EFP technique should be directly
compatible with EDIT waveguides. It was found that EDIT waveguides can
be poled directly after the fabrication process except for trenches fabricated on
the +z face of CLN, which was unexpected and requires further investigation.
The fabrication of periodically poled EDIT waveguides on the −z face of CLN
was demonstrated along with nonlinear functionality. This presents a significant
opportunity to realise nonlinear optical devices using such waveguides, which are
impurity free and maintain bulk crystalline properties.
7.3 Suggestion for future work
In this thesis, the region under and EDIT etched trench was demonstrated to
function as an optical waveguide. The optical waveguiding properties can be
controlled by adjusting the thickness and width of the Ti strip on the ‘bottom’
wafer in the EDIT technique. Single mode waveguides were demonstrated at
633 nm and 1550 nm wavelengths. Furthermore, it was demonstrated that such
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waveguides are compatible with domain engineering techniques like EFP and
hence can be used for nonlinear integrated optical applications. To eventually
assess the potential of such devices some suggestions for future investigations are
outlined as follows.
Evidence of stress
In Chapter 4 it was demonstrated that a combination of surface tension reshaping
and a topography change can induced waveguides in LiNbO3. This waveguiding
phenomenon was attributed to stress. Previous materials analysis focused on
probing the etched surface. However, it was observed that the corners of the
trench are of significance as these regions show a higher refractive index change
relative the centre of the trench. In order to quantify the stress generated, tech-
niques such as micro-raman analysis or x-ray topography using synchrotron radi-
ation can be used. The focus of such measurements should be on the corners of
the trench and these could be accessed by probing the cross-section of the etched
trench.
Waveguide modelling
To establish EDIT waveguides as a competitive platform for integrated optics
it would be necessary to be able to quantify the refractive index changes under
the etched trenches. Techniques such as Scanning Near-field Optical Microscopy
(SNOM) could be employed to map the refractive index distribution on the cross
section of the etched trenches. Additionally, stress analysis data could be em-
ployed to develop a correlation between the annealing time, the topography and
the resulting refractive index change, which would aid in the development of finite
element models for such waveguides. These could be used to engineer integrated
optical devices including Mach-Zehnders, directional couplers and Y-splitters.
An interesting characteristic of EDIT waveguides are that the corners of the
trench exhibit a relatively higher refractive index change as compared to the cen-
tre of the trench. This signifies that the refractive index change in EDIT waveg-
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uides could be engineered by tailored structuring of the surface. The ability to
engineer the refractive index profile in waveguide structures makes it possible to
realise dispersion engineered waveguides which can be used to provide efficient
phase matching between the interacting optical modes, which include coupling
between the fundamental and second harmonic mode in SHG or coupling be-
tween the TE and TM mode. By quantifying the refractive index change in
EDIT waveguides, dispersion engineered structures could be modelled and phys-
ically implemented.
Furthermore, for applications in integrated optics, EDIT waveguide losses
should be reduced to acceptable levels and hence sources of losses in such waveg-
uides need to be evaluated. This can be achieved by experimentally investigating
wavelength dependence of loss for various fabrication parameters. Such knowl-
edge would aid in the design and fabrication low loss EDIT waveguides.
Nonlinear integrated optics
Chapter 5 demonstrated EDIT waveguides on MgCLN at 1550 nm wavelength.
Such crystals are of significance for realizing temperature independent of non-
linear integrated optical devices. Furthermore, the fabrication of PPLN EDIT
waveguides was demonstrated. Such waveguides could be used for nonlinear inte-
grated optical applications and hence the nonliear conversion efficiencies of such
waveguides need to be investigated. As discussed previously, first the waveguide
losses need to be reduced to acceptable levels. Furthermore, the possibility of
creating dispersion engineered EDIT waveguides, which could enhance the effi-
ciencies of nonlinear processes can be explored.
New Types of Devices
Chapter 3 demonstrated the etching of 128o rotated yx -cut crystals, which are
predominantly used in SAW devices. The combination of integrated optics using
EDIT waveguides and SAW devices on such substrates could be explored to realise
a wealth of applications combining the fields of integrated optics and microfluidics.
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7.4 Conclusion
In conclusion, the region under trenches fabricated by EDIT technique are optical
waveguides. Single mode waveguides were demonstrated at 633 nm and 1550 nm
wavelengths. It is believed that the physical mechanism behind the formation of
such waveguides is the combined effect of a topography change and surface tension
reshaping. Furthermore EDIT waveguides on z -cut LiNbO3 are compatible with
electric field poling technique, which can be used to fabricate QPM nonlinear
devices. It has been proposed, that quantitative evidence of stress would be
beneficial in the advancement of such waveguides for the fabrication of integrated
optical components. Knowledge of the refractive index change would assist in
developing efficient models for optical devices. Furthermore, investigating the
sources of loss and subsequently reducing them would facilitate the adoption of
such waveguides for various application in nonlinear integrated optics and possibly
SAW microfluidics.
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Fabrication Procedures
A.1 Photolithography using AZ series resists
Conventional photolithography is generally used to pattern thin films where the
photoresist pattern serves as a mask during wet or dry etching or lift-off process.
The processing steps of some of the standard AZ series resists utilised in this
thesis are presented here.
AZ1512 Resist
AZ1512 is a positive photoresist i.e. when exposed to UV light it becomes soluble
in photoresist developer. In this thesis AZ1512 was used to pattern Ti and Cr
film. The processing steps are as follows,
1. Before processing LiNbO3 wafers, the samples are cleaned by soaking them
in an AZ Kwik strip solution at 70 - 80 oC to remove any organic impurities
on the surface.
2. Thin films of Ti or Cr are deposited onto the substrate using thermal e-beam
evaporation.
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3. After metal deposition process the coated wafers are cleaned by rinsing
them in the order, acetone, IPA and in De-Ionised (DI) water respectively.
4. The wafers are blow dried with nitrogen gas and placed on a hot plate at
125 oC for 15 mins to dehydrate it. Care must be taken while handling
z -cut CLN wafers as sudden changes in temperature can result in charge
build up at the surface. In this case it is preferable to use oven baking. To
dehydrate z -cut crystals, place then in an oven at 110 oC for 15 mins. After
baking it is important to discharge any charge built up on the surface.
5. Using RC-8 Karl Suss spin coater initially hexamethyldisilane (HMDS) is
spin coated onto the wafer using the following settings: Speed - 3000 rpm,
Acceleration - 1000 rpm/s, Time - 30 s.
6. Next, AZ1512 is spin coated with the following settings: Speed - 3000,
Acceleration - 2000 rpm/s, Time - 30 s. This give a film thickness of ∼1.5
µm.
7. The spin coated wafer is then soft baked either on a hot plate at 95 oC for
120 s or at 90 oC in an oven for 20 mins.
8. Using a Karl Suss mask aligner (MA6 or MJB3) and the relevant chrome
mask. The resist is exposed to UV light (Energy is calculated based on
power of UV source and time of exposure(based of resist thickness)).
9. The exposed wafer is then developed in a 1:4 AZ400K solution to reveal the
desired pattern which is then rinsed in DI water. If the AZ resist needs to
be used for lift off processing, before developing the exposed resist should
be soaked in chlorobenzene for 1 min and then rinsed in running DI water.
10. The resist patterned wafer is then hard baked at 110 oC on a hot plate for
5 mins to improve its durability for further processing steps.
AZ5214 Resist
AZ5214 is positive resist similar to AZ1512, however, these series of resists have
image reversal capability, where the polarity of the exposed pattern can be re-
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versed. Processing Steps 1 to 5 in AZ1512 are common to all photolithography
processing and apply to AZ5214 as well. The further processing steps are as
follows,
1. AZ5214 is spin coated with the following settings: Speed - 500 rpm, Accel-
eration - 100 rpm/s, Time - 5 s, Speed - 3000, Acceleration - 1000 rpm/s,
Time - 30 s. This give a film thickness of ∼1.5 µm.
2. The spin coated wafer is soft baked either on a hot plate at 90 oC for 120 s
or at 95 oC in an oven for 20 mins.
3. Using a Karl Suss mask aligner (MA6 or MJB3) and the relevant chrome
mask. The resist is exposed to UV light ((Energy is calculated based on
power of UV source and time of exposure(based of resist thickness)).
4. The exposed wafer is placed on a hot plate at 115 oC for 180 s for the image
reversal bake process.
5. The wafer is flood exposed to UV light in the mask aligner. In this case the
exposure time is not critical.
6. After flood exposure the wafer is developed in a 1:4 AZ400K solution fol-
lowed by the a hard bake.
AZ4562 Resist
AZ4562 resists are generally used when thicker films are required. In this thesis for
the fabrication of PPLN a thicker resist is utilised to provide adequate insulation
during the electric field poling process. The processing steps for AZ4562 are,
1. AZ4562 is spin coated with the following settings: Speed - 3000 rpm, Ac-
celeration - 3000 rpm/s, Time - 60 s. This give a film thickness of ∼6
µm.
2. The spin coated wafer is soft baked either on a hot plate at 90 oC for 120 s
or at 95 oC in an oven for 20 mins.
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3. Using a Karl Suss mask aligner (MA6 or MJB3) and the relevant chrome
mask. The resist is exposed to UV light ((Energy is calculated based on
power of UV source and time of exposure(based of resist thickness)).
4. The exposed wafer is developed in a 1:4 AZ400K solution and rinsed in DI
water.
5. For the fabrication of PPLN using EFP on z -cut LiNbO3 the resist goes
through a super hard bake process where the patterned sample is placed
on a hot plate and heated to 150 oC for 1 hour. During the heating and
cooling cycles the temperature should be ramped up from 100 oC to 150 oC
and then down back to 100 oC at the rate of 5 oC/min.
A.2 Wet etching
In this thesis the wet etching of two metal films namely Ti and Cr are performed.
The etching of Ti is performed by using a dilute HF solution ( 3% HF). The
etch duration is ∼ 25 - 30 s depending on the film thickness. Care must be taken
to avoid longer etch duration, which can result in lateral etching (undercutting)
of the film. This results in features of smaller dimensions as compared to those
defined on the quartz mask.
The etching of Cr is performed, using a solution of Nitric Acid(4%), Ceric
Ammonium Nitrate (10%) and Water(86%). The etch duration is usually about
60 - 90 s depending on film thickness.
A.3 Annealing process
The annealing process for the EDIT technique occurs in a three zone quartz fur-
nace. The wet oxygen environment in the furnace is created by bubbling oxygen
through a column of DI water, which is maintained at a constant temperature of
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Figure A.1: Temperature profile for the annealing duration of the EDIT process.
60 oC. The furnace is heated to 1050±1 oC at the rate of ∼14 oC/min and cooled
down at the rate of ∼7 oC/min. The typical temperature profile in the region of
the furnace where EDIT takes place over the annealing duration is illustrated in
Fig. A.1 where the annealing duration is 15 hours.
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Waveguide Loss Measurement
B.1 Fabry-Perot Loss measurement technique
The Fabry-Perot measurement technique was used to estimate propagation losses
for EDIT waveguides fabricated in z -cut MgCLN. A single mode waveguide with
highly reflective polished end faces essentially forms a Fabry-Perot resonator or
cavity. The Fabry-Perot cavity can be tuned by altering the index or the length of
the cavity, or the operating wavelength. The typical transmission characteristics
for a 6.4 µm wide, Ti diffused waveguide on x -cut y propagating CLN for the TE
mode is shown in Fig. B.1. From this response the contrast K can be calculated
as,
K =
Pmax − Pmin
Pmax + Pmin
(B.1)
For varying values of Pmax and Pmin an average value is calculated from the
transmission graph. The loss reflection factor R is then calculated as,
R =
1
K
(1−
√
1−K2) (B.2)
The next important parameter is mode reflectivity R which is given by,
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Figure B.1: Fabry Perot response of a Ti diffused waveguide.
R =
(neff − 1)2
(neff + 1)2
(B.3)
Where, neff is the effective index of the single optical mode supported by
the waveguide. To calculate neff , the free spectral range (FSR) needs to be cal-
culated, which is the separation between adjacent transmission peaks, given as
∆λ as illustrated in Fig. B.1. This can also be calculated by taking the fourier
transform of the transmission characteristics using standard software like gnuplot,
MATLAB or Origin. The fourier transform of the transmission characteristics is
shown in Fig. B.2.
By deducing the FSR neff can be calculated as [66],
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Figure B.2: Fourier transform of the transmission characteristics in Fig. B.1.
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neff =
λ2o
∆λ · 2L (B.4)
Where λ2o is the central wavelength of the measurement ∼ 1550 nm, and L is
the length of the waveguide which is 1.875 cm in this case. From these parameters
the waveguide loss in dB/cm can be calculated as [126],
α =
4.34
L
· (lnR− lnR) (B.5)
For the given transmission characteristics, contrast was calculated to be K =
0.1304, hence we get R = 0.0654. The fourier transform gives us 1/∆λ = 33.9321
nm−1 from which neff = 2.174 and thus R = 0.1368. For a waveguide of length
L = 1.875 cm, the transmission loss is determined to be α = 1.7 dB/cm.
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